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ABSTRACT 
Current models for physiological components and a 
series of experiments on human subjects form the basis for 
a multiloop control model which describes how a human uses 
multiple feedback sensors to control his orientation. Par- 
ticular emphasis is placed on defining functional interfaces 
between the feedback sensors and postural responses. Be- 
cause of the inherent complexities within the posture con- 
trol system, analysis is simplified by considering only 
control of forward and backward rotational motions about 
the ankle joints during quiet standing tasks. 
The research effort is divided into three segments, 
First, a general posture control model is assembled given 
current models for motor and sensory components, This gen- 
eral model forms the basis for a series of experiments with 
human subjects using a specially designed two-degree-of- 
freedom simulator. Finally, experimental observations are 
combined with the general model, developing specific models 
which predict the observed postural responses, 
During quiet standing on a rigid surface ankle re- 
flex gain is about one third that necessary for postural 
stability. Ankle reflexes, however, are adequate to fully 
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stabilize very small deflections due to the presence of 
"stiction" forces acting between fibers in intra- and extra- 
fusal nxscle fibers, Quiet standing is punctuated by fre- 
quent transients during which the subject "breaks out" of 
static reflex stability and begins to diverge. A kinesthe- 
tic threshold is reached, commanding a transient multipli- 
cative increase in reflex gain proportional to disturbance 
amplitude. A static sense, either vision or utricle oto- 
lith is necessary to correct slow drift of this reflex/kin- 
esthetic control loop. 
When reflex and visual feedback are removed, the 
vestibular sensors are able to fully stabilize posture, 
The utricle otoliths and semicircular canals act as fre- 
quency selective feedback sensors. The canals detect sway 
divergence and initiate corrective postural responses. The 
utricle otoliths provide a static vertical reference to 
stabilize slow drift of the canal control loop. Otolith 
cues are shown to be ambiguous at higher frequencies be- 
cause of interactions between linear motion and gravita- 
tional stimuli. 
Control strategy is observed in one subject with 
complete loss of vestibular function but with normal motor 
control. When eyes are open, the subject shows reflex/kin- 
esthetic control strategy which is very nearly normal. The 
subject is also able to stand with eyes closed; however, 
this required great effort. Tests show eyes closed control 
strategy to be radically different. Extensor reflex gains 
were increased six-fold, allocating almost complete control 
of function to ref lex "rigidity". 
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CHAPTER 1 
INTRODUCTION 
The sensory-motor system i s  t h e  mechanism through 
which man i n t e r a c t s  w i t h  h i s  p h y s i c a l  environment. This 
system i s  necessary f o r  s u r v i v a l  s i n c e  it provides  t h e  means 
f o r  d e t e c t i n g  f e a t u r e s  of t h e  environment, s p a t i a l  config- 
u r a t i o n ,  s m e l l ,  temperature ,  e tc . ,  and. f o r  coord ina t inq  
motor a c t i v i t i e s  i n  response t o  t h e  sensory information.  
Thus man could g a t h e r  food, b u i l d  s h e l t e r ,  and move quick ly  
from place t o  p l ace .  I n  t h e  t echno loq ica l  world of today, 
man has  cons t ruc t ed  machines which g r e a t l y  extend h i s  capa- 
b i l i t y  t o  perform these b a s i c  sensory-motor t a s k s .  T h i s  
technologv has provided man wi th  problems and cha l lenges .  
Vost of these machines s t i l l  r e q u i r e  a man as t h e  u l t i m a t e  
master. Hence, man, w i t h  the  same b a s i c  sensory-motor 
system adaDted t o  s imple  b i n e d a l  locomotion i s  asked t o  
c o n t r o l  mechanical "ex tens ions"  of h i s  phys i ca l  body w i t h  
f a r  more complex dynamic character is t ics ,  under condi t ions  
considerably more exac t in? .  I n  s o l v i n g  t h e  problems t h a t  
ar ise  from man-machine i n t e r a c t i o n s ,  engineers  and physiolo- 
n i s t s  have souaht  g r e a t e r  un?.erstandinq of the neuro- 
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phys io log ica l  mechanisms t h a t  c o n t r o l  o r i e n t a t i o n  of t h e  
body i n  space. 
The same t echno log ica l  understanding which extends 
man's motor c a p a b i l i t i e s  can a l so  h e l p  t o  restore a r t i f i c i a l l y  
t h e  sensory and motor func t ions  i n  people i n  which i n j u r i e s  
or disease have impaired t h e s e  mechanisms. Here too,  a 
thorouqh understanding of pos tu re  c o n t r o l  func t ion  i s  
necessary be fo re  a r t i f i c i a l  components can be s u c c e s s f u l l y  
i n t e g r a t e d  wi th  n a t u r a l  motor and sensory func t ions .  
To ga in  a g r e a t e r  understanding of p o s t u r a l  mechanisms, 
p h y s i o l o q i s t s  have s t u d i e d  i n  d e t a i l  t h e  components involved 
i n  motor and sensory func t ions .  More r e c e n t l y ,  p h y s i o l o g i s t s  
and eng inee r s ,  us ing  c o n t r o l  theory  techniques wi th  physiolo- 
q ica l  data,  have developed models which d e f i n e  and p r e d i c t  
response c h a r a c t e r i s t i c s  f o r  many of t h e  motor and sensory 
comDonents. 
The thesis research attempts t o  c a r r y  t h e  c o n t r o l  
theory descr iDt ion  of m s t u r a l  mechanisms one s t e p  f u r t h e r .  
A series of experiments w i t h  human subjects forms t h e  basis 
for a mul t i loop  c o n t r o l  model which desc r ibes  the way a 
human uses  m u l t i p l e  feedback senso r s  t o  c o n t r o l  h i s  o r i e n t a -  
t i o n  d u r i n s  a sinple q u i e t  s t and inq  task.  The c u r r e n t  models 
f o r  motor and sensory comrsonents are used i n  t h i s  model. 
P a r t i c u l a r  emphasis i s  p laced  on d e f i n i n g  t h e  role of each 
sensor  and on modellinq t h e  f u n c t i o n a l  i n t e r f a c e s  between 
these sensors  and p o s t u r a l  resnonses .  
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1.1 Scope of t h e  Research 
The thesis seeks t o  d e f i n e  t h e  b a s i c  f u n c t i o n a l  pro- 
perties of t h e  pos tu re  c o n t r o l  system dur ing  a r e l axed  
s t and ing  t a s k .  Because of t h e  i n h e r e n t  complexity of even 
t h i s  b a s i c  c o n t r o l  t a s k ,  a n a l y s i s  i s  s i m p l i f i e d  by consider-  
i n 9  only c o n t r o l  of forward and backward r o t a t i o n a l  motions 
of t h e  body about t h e  ankle  j o i n t ,  h e r e a f t e r  termed body 
swav or  bodv angle motion. Body sway motion r e p r e s e n t s  
t h e  c r i t i c a l  mode i n  c o n t r o l  of p o s t u r e  because of t h e  
i n h e r e n t l y  uns t aS le  " i n v e r t e d  pendulum" c h a r a c t e r i s t i c s  of 
t he  bodv. , Therefore, t h i s  s i m . p l i f i c a t i o n  i s  jus t i f i ed . .  
Re la t ive  motion between upper body segments i s  of consider-  
ab ly  less consequence du r ing  q u i e t  s t and ing  and may be 
neglec ted  here. Hence, t h e  goa l  of t h e  pos t t t r a l  c o n t r o l  
system i n  t h i s  s i m D l e  task is  t o  a s s e s s  the  c u r r e n t  s t a t u s  
of body swav motion and gene ra t e  appropr i a t e  ankle  r e a c t i o n  
torques  t o  maintain s t a b i l i t y .  
The r e sea rch  i s  d iv ided  i n t o  t h r e e  seqments. F i r s t ,  
a gene ra l  rsosture c o n t r o l  model i s  assem-bled, qiven c u r r e n t  
models f o r  motor and sensory components and t h e  gene ra l  
p r o p e r t i e s  of n e u r a l  Drocessinq described i n  the  l i t e r a t u r e .  
T h i s  gene ra l  model t h e n  forms t h e  b a s i s  f o r  a series of 
experiments.  F i n a l l y ,  experimental  obse rva t ions  a r e  com- 
bined w i t h  the  q e n e r a l  phys io log ica l  model t o  develop 
s p e c i f i c  models for  t h e  sensory-motor i n t e r f a c e .  
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I n  both the  design of t h e  e m e r h e n t s  and develop- 
ment of the  f i n a l  models, t h e  h igh ly  adaptab le  and non- 
s t a t i o n a r v  c h a r a c t e r i s t i c s  of t h e  system are recognized. 
Exneriments u se  t r a n s i e n t  d i s tu rbances  which probe t h e  
states of t h e  system a t  s p e c i f i c  i n s t a n c e s  i n  t i m e  o r  dur ing  
very s h o r t  periods i n  which c h a r a c t e r i s t i c s  rena in  r e l a t i v e l y  
cons t an t .  The models a l so  d e f i n e  t r a n s i e n t  r a t h e r  than 
continuous c o n t r o l  processes. 
Sensory depr iva t ion  techniques are employed dur ing  
exPeriments t o  i s o l a t e  characterist ics of t h e  i n d i v i d u a l  
sensorv feedback modes. These methods allow observa t ion  
of a number of c o n t r o l  s t r a t e g i e s  and enable  a more comPlete 
de termina t ion  of the  range of a d a p t a b i l i t y  of t h e  var ious  
sensory feedback modes. 
1 . 2  Appl ica t ions  of t h e  Research 
1 . 2 . 1  B a s i c  Physiolosv 
Physiology of Rosture  c o n t r o l  mgchanisms has been the  
t o p i c  of cons iderable  research e f f o r t .  T o  d a t e  t h e r e  have 
been d e s c r i p t i o n s  of t h e  c h a r a c t e r i s  t ics  of i n d i v i d u a l  
sensory,  n e u r a l ,  and nu.;cular comnonents. The v a l i d i t y  
of t h e s e  d e s c r i p t i o n s  has been r e i n f o r c e d  v i t h  t he  develop- 
ment of c o n t r o l  tvne  models f o r  t h e s e  components which pre- 
d i c t  t h e i r  input -output  c h a r a c t e r i s t i c s .  Descr ip t ions  of 
o v e r a l l  pos ture  c o n t r o l  processes  I however I have been l i m -  
i t e d  t o  gene ra l  cases based P r imar i ly  on "educated specu la t ion .  " 
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This t h e s i s  a t tempts  t o  expand t h e  knowledge of sensory- 
motor process inq  by clescribinq specific f u n c t i o n a l  r e l a t i o n -  
s h i p s  between t h e  fee?back senso r s  and t h e  i n i t i a t i o n  of 
Dos tura l  commands. Although t h e s e  d e s c r i p t i o n s  of n e u r a l  
p rocess inq  i n  t h e  model a r e  pu re ly  f u n c t i o n a l ,  ca re  i s  taken 
t h a t  the de f ined  r e l a t i o n s h i p s  have b a s i s  i n  t h e  physiology. 
The completed model t hus  s u q a e s t s  a g e n e r a l  framework i n  
which more specific p h y s i o l o g i c a l  experiments may be 
i n t e r p r e t e d .  
1 . 2 . 2  Medical Appl ica t ions  
P o s s i b l e  medical a p p l i c a t i o n s  f a l l  i n t o  two gene ra l  
c a t a g o r i e s :  
1. Diagnosis of sensory  d i s a b i l i t i e s  a f f e c t i n g  
p o s t u r e  c o n t r o l  
2 .  The development of a r t i f i c i a l  limbs which a r e  
involved i n  t h e  r e g u l a t i o n  of a o s t u r e .  
A number of exper imenta l  techniques a r e  developed which, 
i n  conjunct ion w i t h  t h e  model, enab le  a r a p i d  determinat ion 
of t h e  sensorv modes be ina  employed by a s u b j e c t  t o  control 
pos tu re .  I n  a d d i t i o n ,  sensory  d e p r i v a t i o n  techniques allow 
independent observa t ion  of s e v e r a l  sensory feedback niodss . 
These techniques ,  t o g e t h e r  w i t h  a body of d a t a  on Derform- 
ance of normal s u b j e c t s ,  should enable  d i agnos i s  of some types  
of sensory d e f i c i e n c i e s .  
N a t u r a l  "feel" i n  t h e  o p e r a t i o n  of an a r t i f i c i a l  limy 
i s  a major f a c t o r  i n  i t s  acceotance and s u c c e s s f u l  use by a 
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p a t i e n t .  I n  t h e  case of a r t i f i c i a l  l e g s ,  t h e  pos tu re  
c o n t r o l  model might h e l p  i n  t h e  development of n a t u r a l  
responsiveness  i n  t h e  limb by answering t h e  fol lowing 
ques t ions  : 
1. What active motor func t ions  a r e  m o s t  important  t o  
inc lude  i n  t h e  a r t i f i c i a l  l i m b ?  
2 .  What feedback senses  are most important  t o  enable  
e f f i c i e n t  r e g u l a t i o n  of t h e  limb's active func t ion?  
3. How might t h e  a c t i v e  limb b e s t  be i n t e g r a t e d  i n t o  
t h e  c e n t r a l  nervous system? 
1 . 2 . 3  Technologv 
Engineers developin? c o n t r o l  i n t e r f a c e s  between a p i l o t  
and h i s  vehicle have bee3 i n t r i s u e d  by the  s imple ,  almost 
effortless way i n  which a human c o n t r o l s  h i s  own o r i e n t a t i o n .  
They have contemplated ways t o  l i n k  the  man-vehicle i n t e r f a c e  
t o  t h i s  pos tu re  con t ro l  system so t h a t  t h e  p i l o t ' s  postural  
responses might a lso c o n t r o l  the o r i e n t a t i o n  of h i s  veh ic l e .  
A s  i s  the  case i n  developing a r t i f i c i a l  limbs, success  of 
such a scheme r e q u i r e s  t h a t  t h e  sensory.feedSack and c o n t r o l  
e f f e c t o r  i n t e r f a c e s  have the  feel  of "na tu ra l "  p o s t u r a l  
processes .  Hence, t h e  pos tu re  c o n t r o l  model may h e l p  
answer some of t h e  same ques t ions  confront ing  t h e  des igners  
of a r t i f i c a l  limbs. I n  a d d i t i o n ,  the  man-vehicle engineer  
f aces  some o t h e r  ques t ions  t h a t  t h e  model may h e l p  answer: 
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1 e What are t h e  maximum performance c a p a b i l i t i e s  
of t h e  pos tu re  c o n t r o l  system dur ing  a given 
c o n t r o l  t a s k ?  
2 .  How m i c r h t  these c a p a b i l i t i e s  be enhanced by 
pre-processing of t h e  p o s t u r a l  s t i m u l i  p resented  
t o  t h e  men? 
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CHAPTER 2 
PHYSIOLOGY OF-POSTURE REGULATION 
Sensors i n  a l l  areas of t h e  body are used i n  t h e  
c o n t r o l  of pos tu re .  Some of t h e s e  senso r s  mpasure w i t h i n  
a body r e fe rence  frame, whi le  o t h e r s  i n d i c a t e  o r i e n t a t i o n  
of t h e  body wi th  r s s p e c t  t o  i t s  e x t e r n a l  environment. I n  
t h e  c e n t r a l  nervous system, t h e  task of sensory process ing  
and genera t ion  of  muscle colrmands i s  m u l t i l e v e l ,  t h e  Lowest 
l e v e l s  of coord ina t ion  loca ted  a t  t h e  s n i n a l  v e n t r a l  r o o t s  
and subsequent levels extending upward t o  the  h i g h e s t  
b r a i n  c e n t e r s  e 
Although understanding of Dosture physiology i s  f a r  
from complete, many f e a t u r e s  of o rgan iza t ion  and func t ion  
have been descr ibed .  The c u r r e n t  L i t e r a t u r e  on pos tu re  
physiology i s  reviewed h e r e  and a gene ra l  model i s  assembled 
usincr t h e  p r o p e r t i e s  of t h e  muscular,  sensory ,  and n e u r a l  
components descr ibed  i n  t h i s  l i t e ra ture .  
2 , 1  Anatomy of t h e  Lower Leg 23,78 
Figure  2 . 1  i n t roduces  t h e  basic  bone and muscle s t r u c t u r e  
of t h e  lower le9 and f o o t .  The fol lowing paragraphs cons ider  
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t h e  mechanical p r o p e r t i e s  of j o i n t  motion and t h e  genera- 
t i o n  of ankle  torques  dur ing  pos tu re  c o n t r o l .  
P o s i t i v e  body angle ,  l ean ing  forward, ( d o r s i f l e x i o n )  , 
corresponds t o  f l e x i o n  of t h e  ankle  j o i n t ;  nega t ive  body 
anqle ,  t o  ankle  j o i n t  ex tens ion  ( p l a n t a r f l e x i o n ) .  T h e  
gastronemius and s o l e u s  muscles are t h e  primary e f f e c t o r s  
of ankle  j o i n t  ex tens ion .  T h e i r  p o i n t  of i n s e r t i o n  ( A c h i l l e s  
tendon) on the  calcaneus bone of  t h e  f o o t  i s  w i t h i n  the p lane  
of ankle  ex tens ion- f lex ion  motion, t h e r e f o r e  gastrocnemius- 
so l eus  f o r c e  produces pure ex tensor  ank le  j o i n t  motion. 
Function of t he  muscles e f f e c t i n g  ankle  j o i n t  f l e x i o n  
i s  somewhat more complex. The t i b i a l i s  a n t e r i o r  i n s e r t s  a t  
a p o i n t  medial (toward center l i n e )  t o  t h e  p lane  of extension-  
f l e x i o n  motion. Therefore ,  t i b i a l i s  a n t e r i o r  fo rce  produces 
a combination of ankle  j o i n t  f l e x i o n  and eve r s ion .  Force i n  
t h e  peroneus t e r t i u s  produces a combination of ankle  f l e x i o n  
and inve r s ion .  Coordinated a c t i v a t i o n  of these two muscles 
produces pure ankle  f l e x i o n  motion. 
A n  adequate model f o r  muscular i n i t i a t i o n  of ankle  
to rque  lumps f l e x o r  and ex tenso r  musc les  i n t o  a s i n g l e  
agonis t / a n  tagoni  s t p a i r  . 
A de termina t ion  of maximum magnitude of ex tensor  and 
f l e x o r  muscle motions, v e l o c i t i e s  and changes i n  l eng th  i s  
necessary i n  developing models f o r  muscle f o r c e  c h a r a c t e r i s -  
t ics .  Anatomical dimensions and body angle  motion cha rac t e r -  
i s t i c s  a r e  r equ i r ed  i n  o rde r  t o  compute these va lues .  The 
17.5 
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l a t t e r  are provid-ed bv exnerimental  s t u d i e s  w i t h i n  t h e  t h e s i s .  
E s t i m a t e s  of t h e  anatomical  dimensions are made us ing  draw- 
in9s  (78)  an2 Demntser's d a t a  on t h e  average dimensions 
of body seqments €23 ) . These are shown i n  Figure 2.2. 
Experiments i n  Chapters 4 and 5 show t h a t  angular  
motions of t h e  ankle  j o i n t  a r e  r e s t r i c t e d  t o  a range of 
t2 deqrees and t h a t  t h e  frequency of t h e s e  motions is  less 
than 0 . 5  hz during posture con t ro l  tasks e x h e d  in this  thesis. 
Usinu t h e s e  parameters ,  t h e  fo l lowing  maximum values 
f o r  muscle s t re tch  v e l o c i t y  and! l enqth  change are found: 
lALl < 0.0075L0 
IVl < o.0225Lo/SEC. 
w h e r e  L i s  the  r e s t i n g  l eng th  o f  t h e  muscle. 
0 
15,19,47,53,68 2.2 Posture  Muscles -- The Response E f  fectorsc16, 89, 
T h i s  s e c t i o n  con ta ins  a brief d e s c r i p t i o n  of t h e  t e n s i o n  
, 115 
qenera t inq  c h a r a c t e r i s t i c s  of s k e l e t a l  muscle. E f fec t s  of 
n e u r a l  i nne rva t ion ,  muscle l e n g t h ,  and muscle stretch 
v e l o c i t y  on t e n s i o n  are considered.  
S k e l e t a l  muscles are composed of numerous muscle f i b e r s ,  
each extending t h e  e n t i r e  length  of t h e  muscle. A l l  f i b e r s  
are roughly p a r a l l e l  i n  o r i e n t a t i o n .  A s i n g l e  muscle f i b e r  
i s  i n  t u r n  subdivided i n t o  several thousand pa ra l l e l  u n i t s  
called myof ib r i l s  The mechanisms of c o n t r a c t i o n  l i e  w i t h i n  
t h e s e  t i n y  myof ib r i l s  e 
S k e l e t a l  muscle i s  inne rva ted  by axons from a lpha  moto- 
neurons. Each motoneuron inne rva te s  a number of muscle f i b e r s  
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which always act  i n  unison. This group of f i b e r s  i s  termed 
a motor u n i t ,  t h u s  forming the  basic  f u n c t i o n a l  u n i t  of 
muscular con t r ac t ion .  
T h e  t o t a l  muscle output  i s  t h e  summation of t e n s i o n  
developed by each of t h e  motor u n i t s  w i t h i n  t h e  muscle. 
S impl i f i ed  muscle models, cons ider ing  the  muscle as a s i n g l e  
fo rce  gene ra t ing  u n i t  ,. p r e d i c t  input-output  characterist ics.  
A s i n g l e  component model i s  cons idered  he re .  
The variables a f f e c t i n g  muscle ou tpu t  ( t ens ion )  are the  
fol lowing:  
1. a c t i v a t i o n  l e v e l  ( i n  t h e  s i n g l e  component model 
t h i s  i s  the  average a c t i v a t i o n  l e v e l  of a l l  motor 
u n i t s  i n  t h e  muscle.) 
2 .  ins tan taneous  l eng th  of t h e  muscle 
3 .  shor t en ing  v e l o c i t y  of the muscle 
H i l l  ( 53 )  proposed a gene ra l  r e l a t i o n s h i p  between 
force output  and shor t en ing  v e l o c i t y  of muscles : 
(P + a) (1: + S )  = b(Po + a) (2.1) 
where P = muscle force 
= shor t en ing  v e l o c i t y  
= isometr ic  ( i . e . ,  v = 0 )  maximum tens ion  
zoand b = cons tan t s  
For maximally s t imu la t ed  shor t en ing  muscle, t h e  r e l a t i o n s h i p  
f i t s  experimental  data f a i r l y  w e l l .  The equat ion  a l so  a p p l i e s  
f o r  less than  maximum a c t i v a t i o n  l e v e l s  i f  P i s  rep laced  by 
PA, t h e  maxinum isometr ic  t ens ion  f o r  a given l e v e l  of muscle 
a c t i v a t i o n .  The r e l a t i o n ,  however, breaks down f o r  a l l  bu t  
0 
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very slow rates of muscle lengthening.  S tud ie s  s i n c e  H i l l ' s  
f i rst  proposa l  have a l so  shown d e f i n i t e  errors i n  t h e  
r e l a t i o n s h i p  f o r  p r e d i c t i n g  t h e  f i n e  d e t a i l s  of muscle 
response c h a r a c t e r i s t i c s .  The basic  r e l a t i o n s h i p ,  however, 
i s  u s e f u l  as a rnodellinq too l .  F igures  2 . 3  and. 2 . 4  compare 
t h e o r e t i c a l  force-ve loc i ty  r e l a t i o n s h i p  wi th  exnerimental  
data of ,Joyce e t  a1 (68 1 .  
Force gene ra t inq  c h a r a c t e r i s t i c s  of muscle are a l so  
depecdent on t h e  l e n a t h  of t h e  muscle. S t r i c t l y  speaking,  
H i l l ' s  fo rce-ve loc i ty  r e l a t i o n s h i p  i s  v a l i d  f o r  cons t an t  
length :  it i s  a b l e  t o  predict  i n s t an tanecus  f o r c e  levels 
only . 
Force-length c h a r a c t e r i s t i c s  of muscle are dependent on 
both active anc7 nass ive  mechanical D r o D e r t i e s  of muscle, 
F iaure  2.5 shovs these r e l a t i o n s h i p s .  The pass ive  mechanical 
r e s i s t e n c e  is only  p r e s e n t  f o r  l a r g e  stretch lenqths .  Active 
properties show a "be l l "  shaped curve;  t ens ion  f o r  a qiven 
rate of s t i m u l a t i o n  i s  maxinum a t  rest l eng th  and decreases  
i f  t h e  muscle i s  e i t h e r  s h o r t e r  o r  longer  than  t h i s  opt imal  
length .  
Most musc le - in i t i a t ed  movements involve  muscle a c t i o n  
w i t h i n  t h e  gene ra l  req ion  of rest lencrth. For t h i s  one ra t ing  
r ea ion  a rouqhly l i n e a r  r e l a t i o n s % i p  , depend-ent on lv  on 
muscle a c t i v a t i o n  l e v e l ,  can be def ined .  These roughly 
l i n e a r  seqments of t h e  l ens th - t ens ion  curve a r e  shown as 
d o t t e d  l i n e s  i n  Fiqure 2.5. 
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The Dosture c o n t r o l  t a s k s  i n  t h i s  thesis involve  
only s m a l l  changes i n  l eng th  and v e l o c i t y  e Calcu la t ions  
i n  s e c t i o n  2 . 1  show t h a t  changes i n  l eng th  are about +0,75% 
of rest l eng th  wi th  maximum exnected stretch velocit ies 
of ahout2 .25% p e r  second. I n  t h i s  case, t h e  preceeding 
r e l a t i o n s h i p s  can be combined i n t o  a l i n e a r i z e d  equat ion  
i n  which effects of a c t i v a t i o n ,  l e n g t h ,  and s t r e t c h  v e l o c i t y  
are independent of one another :  
where 
bf  = small  changes i n  a c t i v a t i o n  level (impulses/sec) 
AL = s m a l l  changes i n  l eng th  (mm) 
T7 = small  s t r e t c h  v e l o c i t i e s  (m/sec) 
T h e  r e l a t i o n s h i p  f o r  changes i n  t e n s i o n  thus  reduce t o  t h e  
s i m p l e  form: 
AP = Kf A f  + KLAL + B V ( 2 . 3 )  m 
Equation 2 . 3  adequately desc r ibes  t h e  force genera t ing  
component of muscle. The a d d i t i o n  of an e l a s t i c  element i n  
series w i t h  t h e  force gene ra to r ,  K s ,  a t t r i bu tab le  t o  ten6on 
and connect ing tissue, is necessary  f o r  the model t o  describe 
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experimental  obse rva t ions  The complete lumped parameter 
model commonly used t o  d e s c r i b e  muscle dynamics i s  shown 
i n  Figure 2 .6 .  
For t h i s  model, the  i s o m e t r i c  s t e p  response i s  
approximately : 
where s i s  the  Laplace t ransform o p e r a t o r .  I somet r i c  s t e p  
response t i m e  i s  h igh ly  dependent on t h e  r a t e  a t  which t h e  
muscle i s  s t imu la t ed .  A t  l a r g e  t e t a n i c  s t imulus  rates (15)  
t h e  s t e p  response t i m e  c o n s t a n t  f o r  a slow s k e l e t a l  muscle 
( s o l e u s )  ranges from 50 t o  1 0 0  mi l l i s econds .  For s lower 
s t imulus  r a t e s  I response t i m e  i s  cons iderably  longer  than 
1 0 0  mi l l i seconds  (75 )  e 
2,4,14,42,57,61,64,72,8119~,113 2 . 3  The Feedback Sensors 
2 e 3 . 1  Muscle Spindles  
S t r u c t u r e  : 
Muscle s p i n d l e  r e c e p t o r s ,  s e v e r a l  cen t imeters  i n  l eng th  
are i n t e r s p e r s e d  throughout muscles Each measures l o c a l  
muscle l eng th .  Muscles involved  i n  f i n e  c o n t r o l  have more 
r e c e p t o r s  p e r  u n i t  weight t han  those  performing coarse  
movements. 
The s p i n d l e  i s  composed of s e v e r a l  sma l l  i n t r a f u s a l  
muscle f i b e r s  of t w o  t y p e s ,  nuc lea r  bag and nuc lea r  cha in  
f i b e r s .  C o l l a t e r a l s  from a s i n g l e  primary group I a f f e r e n t  
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nerve f i b e r  s p i r a l  around t h e  c e n t r a l  reg ion  of each s p i n d l e  
f iber  ( a n n u l o s p i r a l  endings)  e C o l l a t e r a l s  from a smal l  
secondary group I1 a f f e r e n t  f i b e r  form d i f f u s e  endings 
I 
( f lower  sDray endings)  a d j a c e n t  t o  t h e  central  r eg ion ,  
g e n e r a l l y  on nuc lea r  chain f i b e r s ,  b u t  occas iona l ly  on 
nuc lea r  bag fibers as w e l l .  
I n t r a f u s a l  muscle f ibers a r e  innerva ted  by smal l  
y - e f f e r e n t s ,  s e p a r a t e d  anatomical ly  i n t o  two groups accord- 
i n q  t o  t h e  type  of ending: 
1. p l a t e  enc?ings; mostly on bag b u t  a l s o  on a f e w  
cha in  f ibers  
2 .  t r a i l  endings on both  bag and cha in  f i b e r s  
Figure 2 .7  i l l u s t r a t e s  muscle s p i n d l e  s t r u c t u r e s .  
Function : 
Evidence sugges ts  t h a t  primary and secondary a f f e r e n t  
respcnse  l e v e l s  of t h e  s p i n d l e  are d i r e c t l y  p r o p o r t i o n a l  t o  
deformation of i n t r a f u s a l  fibers i n  the reg ion  of sensory 
endinq. Annulospiral  endings of t h e  pr imary a f f e r e n t  f iber  
respond i n  p ropor t ion  t o  both jength  and. t h e  r a t e  of stretch 
of t h e  i n t r a f u s a l  f i b e r s .  Secondary endings respond p r i m a r i l y  
i n  p ropor t ion  t o  t h e  l eng th  of t h e  i n t r a f u s a l  f i b e r .  
Func t iona l ly ,  y-ef  f e r e n t s  can be s e p a r a t e d  i n t o  two 
groups,  y-dynamic and y - s t a t i c  f i b e r s .  There i s  no consis-  
t e n t  r e l a t i o n s h i p  between f u n c t i o n a l  and anatomical d e f i n i t i o n s  e 
Increased y-dynamic a c t i v i t y  i n c r e a s e s  t h e  v e l o c i t y  s e n s i t i v i t y  
of t h e  primary a f f e r e n t  response.  A c t i v i t y  of t h e  y - s t a t i c  
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f i b e r s  determines t h e  b i a s  d i scha rge  l e v e l s  i n  t h e  responses 
of both t h e  primary and secondary a f f e r e n t s .  Jansen e t  a l .  
( 6 4 )  record ing  from i n d i v i d u a l  primary and secondary a f -  
f e r e n t s  , conclude t h a t  s t a t i c  and dynamic response 
c h a r a c t e r i s t i c s  may have r e l a t i v e l y  independent c o n t r o l .  
Models : 
I n v e s t i g a t o r s  (56,61,98,113) have developed models f o r  
t h e  primary a f f e r e n t  response of t h e  muscle s p i n d l e  i n  
t h e  gene ra l  form: 
K ( T , s  + 1) 
-.I. f ( s )  = (a T1s' + 1) ( T 2 s  + 1) xm(s)  
f(s) = ou tpu t  f i r i n g  rate i n  pu l ses / sec  
X m ( s )  = muscle s p i n d l e  l eng th  i n  mm 
K = muscle s p i n d l e  ga in  i n  pulses/sec/mm 
Aganval e t  a l .  ( 2 )  , us ing  t h i s  model t o  match s t e p  response 
d a t a  of Lippold e t  a l .  ( 7 2 )  found t h e  fol lowing parameter 
va lues  : 
T1 = 0 . 2 8  sec 
T2 = 0.0055 sec 
a = 0 . 2 1  
They show t h a t  t h e  " lead-lag" model i s  adequate t o  p r e d i c t  
t h e  b a s i c  form f o r  t h e  response of t h e  mammalian muscle 
s p i n d l e  t o  s t r e t c h  i n p u t s .  
56, 58,59,60 2 e 3.2 Golgi Tendon Organs 
The Golgi tendon organ i s  a muscle f o r c e  t r ansduce r ,  
Each ending i s  l o c a t e d  i n  series wi th  a s m a l l  number, 3 t o  
25, of e x t r a f u s a l  muscle f i b e r s ,  and it measures t h e  
t o t a l  f o r c e  e x e r t e d  by t h e  group, The group of muscle 
2 4  
fibers comprising one organ unit are generally from differ- 
ent motor units: tnus, each organ samples the level of 
activity in several motor units. The Golgi organ has no 
motor innervation, 
Afferent fiber endings in the Golgi tendon apparatus 
closely resemble the flower spray endings of the spindle 
secondary afferent fiber. 
In the past, Golgi organs were thought to function only 
as force limiters, inhibiting muscle response only when 
excessive loads threatened permanent damage. Because of this 
assumption, relatively little effort has been made to more 
accurately define Golgi organ response characteristics. 
Recently, Houk et al. (59) have shown that Golgi organs 
provide a high resolution reading of muscle tension through- 
out the force range of the muscle. They observe absolute 
threshold levels for each organ of less than 0,1 gram, con- 
cluding that the Golgi organs provide an accurate filtered 
sample of the active forces produced by the muscle. They 
define the following average response function: 
-ct + cCe 3 Ul(t) -bt h(t) = K ( l  + B + C) Uo(t) - K[bBe 
where K = 4 pulses/sec/gram 
B = 1.0, b = 2.0/sec 
C = 2.0, c = 25/sec 
h(t) = output firing rate 
Uo(t) = unit step function 
Ul(t) = unit impuIse function (18) 
Functionally, Golgi organ afferents form an inhibitory 
disynaptic pathway with motoneurons of the same muscle, 
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Houk e t  a l .  ( 5 8 )  Dos tu la t e  t h a t  Golgi organ feedback a c t s  
as a continuous f o r c e  r e g u l a t i n s  loopp c o r r e c t i n g  f o r  
v a r i a t i o n s  i n  muscle response characteristics due t o  
f a t i g u e  and t o  lencrth and v e l o c i t y  changes. 
2 . 3 . 3  J o i n t  Receptors 11,20,36,98,105 
Three types  of sensory endinqs w i t h i n  t he  j o i n t s  of 
limbs a r e  respons ive  t o  r o t a t i o n :  
1. free endings i n  both the  j o i n t  capsule  and l igaments 
surroundincr t h e  j o i n t  
2 .  non-encawulated spray  endings,  Raf f i n i  j o i n t  
receptors , pr imar i ly  w i t h i n  t h e  j o i n t  caosule  
3 .  encapsula ted  endinqs i n  l igaments and t h e  j o i n t  
capsule .  
By far  the  m o s t  common a r e  t h e  "spray type" endings 
l o c a t e d  w i t h i n  t h e  connect ive t i s s u e  of t h e  capsule .  Some 
r ecep to r s  respond over  a l i m i t e d  angular  range,  wh i l e  o t h e r s  
respond w i t h i n  a much broader range. A t  any given angle  it 
i s  l i k e l y  t h a t  a number of r e c e p t o r s  a r e  a c t i v e .  
Recordings f r o m  f i rs t  o r d e r  a f f e r e n t s  i n n e r v a t i n g  the 
capsule  of the knee j o i n t ,  by Boyd e t  a l .  (11) show t h a t  i n  
t h e  c a t  responses a r e  p r o p o r t i o n a l  t o  both  p o s i t i o n  of the  
j o i n t  and i t s  r a t e  of movement. 
V i e r n s t e i n  (105)  observed t r a n s i e n t  response cha rac t e r -  
i s t ics  of f irst  o r d e r  a f f e r e n t s  i n  t h e  knee j o i n t  o f  t h e  
monkey, s e n s i t i v e  t o  angular  motion of t h e  j o i n t .  H e  con- 
cluded t h a t  a s i m p l e  " lead- lag"  t r a n s f e r  func t ion  can be 
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used to characterize the relationship between angular 
position and impulse frequency response, 
9,36,47 2.3.4 Deep Pressure Sensors 
Very little quantitative data relevant to a control 
description of the deep pressure sensors are available. 
Bouvassa et al. ( 9 )  observing cortical evoked responses, 
found that only very few peripheral afferent fibers need 
be active for perception, Unfortunately, no data are 
available to indicate linearity or dynamic range of pressure 
discrimination. Little is known about how responses of 
the individual receptors are combined to enable integrated 
perception of body motions and forces. 
$3,111,112 2.3-5 The Vestibular System 
Characteristics of the vestibular system are well 
documented. A complete description can be found in the 
references listed above; a review of the details pertinent 
to posture control is given here. 
Angular acceleration in three dimensional space is 
sensed by three approximately orthogonal semicircular canals 
in each inner ear. The utricle otoliths, onein each inner 
ear, are multi-dimensional linear accelerometers, They 
sense specific forces (linear acceleration plus gravity) 
in a plane rotated 30 degrees with reference to the horizontal 
plane of the head. Hence, combined canal receptors sense 
all relevant angular motions of the body; utricle otoliths 
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SPECIFIC 1.5 
FORCE (S+O.ISl(S+ 1.51 
sense the summation of all linear and gravitational 
forces . 
The canals are heavily damped accelerometers, with 
perceived output corresponding to angular velocity. Dynamic 
characteristics of the pitch axis canals are: 
PERCEIVED ACCELERATION, TILT - ( S +  0.0761 * 
OTOLITH 
DISPLACEMENT 
Subjective angular velocity ( s )  = 7 
Input angular acceleration ( s )  (7 s+l) (0.1 s+l) 
The threshold of perception of angular velocity is heavily 
dependent on the sensory mode in which it is measured. A 
thorough discussion of this point is included in Chapter 4. 
The utricle otoliths are also heavily damped accelero- 
meters, sensing both tilt angle and linear velocity. The 
revised non-linear otolith model of Young and Meiry (112), 
based on input-output data only, is given in Figure 2.8. 
MECHANICAL 
THRESHOLD NEURAL 
I PROCESS I NO I 1 ( d  AND a TERMS) 
A DYNAMIC MODEL FOR THE UTRICLE OTOLITHS (REF. 1 1 2 )  
Figure 2.8 
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2 . 4  Orcranization of t h e  Sensorv-Votor Nervous Sys tem 
22,70 2 . 4 . 1  P r o p e r t i e s  of t h e  S i n a l e  Neuron 
I n t e g r a t i o n  i n  t h e  nervous system i s  t h e  r e s u l t  of 
summation of t h e  i n t e s r a t i n g  c h a r a c t e r i s t i c s  of i n d i v i d u a l  
neurons. A brief summary of neuron func t ion  fo l lows .  
F i g u r e  2 .9  shows t h e  qene ra l  form of a neuron. Three 
basic  comnonents of each c e l l  i nc lude  t h e  d e n d r i t e s ,  the  
soma or cell. body, and a s i n q l e  axon. The nerve imnulse,  
i n i t i a t e d  by electrochemical a c t i v i t y  i n  t h e  cel l  membrane 
of t h e  d e n d r i t e s  and soma i s  t r a n s m i t t e d  along t h e  axon. 
The synapse i s  t h e  junc t ion  between neurons,  o r  between 
nerve and musc le  cells: t ransmiss ion  of a nerve i m p u l s e  f r o m  
one ce l l  t o  the  nex t  occurs  here. Reception and i n t e g r a t i o n  
of these s y n a p k i z  Fiiputs take p l a c e  along t h e  dendr i t e s  and! 
cell  body of t h e  neuron. T h i s  i s  a l o c a l ,  graded process  
i n  which incoming messages raise o r  lower t h e  l o c a l  membrane 
p o t e n t i a l .  SDa t i a l  and temporal summation of the many i n p u t s  
determines the  membrane p o t e n t i a l  a t  t h e  p o i n t  of emergence 
of t h e  axon from t h e  soma, t h e  axon h i l l o c k .  When t h e  mem- 
brane p o t e n t i a l  a t  the  axon h i l l o c k  reaches a t h re sho ld  
va lue ,  a s i n g l e  response ,  i n  t h e  form of an a c t i o n  p o t e n t i a l  
o r  "sp ike"  i s  qenera ted  and t r a n s m i t t e d  down the  axon t o  
o t h e r  neurons o r  muscle f ibers .  
S ince  an impulse must c ros s  t h e  s y n a p t i c  j unc t ion  i n  
o rde r  t o  effect  a change i n  the  membrane p o t e n t i a l  of t h e  
subsequent ce l l ,  the synapse i s  a locus for c o n t r o l  of neu ra l  
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F I G U R E  2 . 9  R E P R E S E N T A T I O N  OF THE FEATURES O F  A 
S P I N A L  MOTONEURON 
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a c t i v i t y .  This c o n t r o l  can be e f f e c t e d  either pre-  o r  
p o s t s y n a p t i c a l l v  e 
Pos t synap t i c  e f f e c t s  are e i t h e r  e x c i t a t o r y  or  i n h i b i t -  
ory.  Exc i t a to ry  impulses d r i v e  t h e  membrane p o t e n t i a l  
toward t h e  a c t i o n  p o t e n t i a l  t h re sho ld :  i n h i b i t o r y  impulses 
s t a b i l i z e  t h e  membrane p o t e n t i a l  or d r i v e  i t  away from t h e  
threshold .  
P resynap t i c  effects do n o t  d i r e c t l y  change mexrbrane 
p o t e n t i a l  l e v e l s :  r a t h e r  they in te r fe re  w i t h  t h e  a b i l i t y  
of o t h e r  synapses t o  func t ion ,  e i t h e r  as e x c i t a t o r y  o r  i n -  
h i b i t o r y  e f f e c t s  on t h e  membrane p o t e n t i a l .  They i n h i b i t  
t ransmiss ion  ac ross  t h e  synapse.  
S p a t i a l  l o c a t i o n  of a given synapse i s  a l s o  an important  
c h a r a c t e r i s t i c .  Svnaoses nea r  or on t h e  S D ~ ; ?  are &le to 
a f f e c t  s t rong ,  raDid changes i n  membrane p o t e n t i a l  a t  the  
axon h i l l o c k .  Svnapt ic  a c t i v i t y  more d i s t a n t  along t h e  
d e n d r i t e s  have weaker  and s lower a c t i n g  e f f e c t s .  
Figure 2 e 10 b r i e f l y  summarizes t he  i n t e g r a t i v e  func t ions  
of a s i n g l e  neuron. 
2 .4 .2  The S p i n a l  Cord S t r u c t u r e  and Function 
8,10,12;29,31,32, 
33,38,44,62,74,95 
A cross sectior, through t he  s p i n a l  cord r e v e a l s  a 
bu t te r f ly-shaped  gray reg ion  surrounded by a white  reg ion .  
The w h i t e  per iphery  con ta ins  ascending and descending tracts 
going t o  or  o r i g i n a t i n g  from t h e  h i q h e r  b r a i n  c e n t e r s .  The 
c e n t r a l  grey reg ion  i s  composed of  ce l l  bodies  of i n t e r -  
neurons,  motoneurons , and ascending nerve f i b e r s .  
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C e l l  bodies  of motoneurons a r e  l o c a t e d  i n  t h e  v e n t r a l  
req ion  of t h e  gray ma t t e r ,  Axons of t h e  motoneurons leave  
the s p i n a l  cord t o  i n n e r v a t e  e i ther  skeletal  o r  i n t r a f u s a l  
muscle f ibers .  Alpha-motoneurons i n n e r v a t e  s k e l e t a l  
muscle; sma l l e r  gamma-motoneurons i n n e r v a t e  i n t r a f u s a l  
fibers i n  muscle s p i n d l e s .  I t  appears t h a t  t h e  effect  of 
each gamma-motoneuron i s  e x c l u s i v e l y  "dynamic" o r  " s t a t i c  1 1 '  
s o  t h a t  independent c o n t r o l  of p h a s i c  and s t a t i c  length  
feedback i s  p rese rve6  a t  t h e  s p i n a l  l e v e l .  
The primary group Ia  a f f e r e n t  f iber  of each muscle 
s p i n d l e  enters the  d o r s a l  reg ion  of t he  gray matter and 
impinges monosynaptically on an alpha-motoneuron, a c t i v a t i n g  
t h e  homonomous s k e l e t a l  muscle. C o l l a t e r a l s  from each 
a f f e r e n t  a l s o  i n n e r v a t e  in t e rneurons  and neurons ascending 
t h e  s p i n a l  t r a c t s  t o  t h e  hiqher b r a i n  centers. 
Plluscle s p i n d l e  Secondary group I1 a f f e r e n t s  impinge 
only on in t e rneurons  and on neurons ascending t h e  s p i n a l  
t r a c t s  t o  the h iqher  b r a i n  c e n t e r s .  The effects of s p i n d l e  
secondary feedback i s  n o t  understood. 
A f f e r e n t  f ibers  from Golgi tendon orqans impinge on 
in t e rneurons  and neurons ascending t h e  s p i n a l  t r a c t s .  V i a  
s imple d i s y n a p t i c  feedback pathways (an in te rneuron  t o  an 
alpha-motoneuron) a f f e r e n t  fibers from Golgi organs a c t  t o  
i n h i b i t  a c t i v i t y  i n  homonomous muscle fibers e Through t h i s  
s i m D l e  i n h i b i t o r y  mechanism, Golgi organs are be l i eved  t o  
a c t  as muscle f o r c e  r e g u l a t o r s ,  P re s su re ,  touch and j o i n t  
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r ecep to r s  a r e  a s soc ia t ed  wi th  t h e  more complex f l e x o r ,  
o l a c i n g ,  and s c r a t c h i n g  r e f l e x e s .  They a l s o  i n i t i a t e  
a c t i v e l y  i n  ascendins  s p i n a l  tracts.  
A g r e a t  d e a l  of i n p u t  i n t e g r a t i o n  takes p lace  w i t h i n  
t h e  comx>lex n e t  of i n t e rneurons  i n  t h e  s p i n a l  cord gray 
ma t t e r .  Although much of t h i s  i n t e g r a t i v e  a c t i v i t y  i s  no 
understood, i n v e s t i g a t o r s  have found d e f i n i t e  p a t t e r n s  of 
o rgan iza t ion  among sensory i n p u t s  and h ighe r  c e n t e r  comnands. 
T h e  fo l lowing  paragraphs inc lude  a few s i m p l e  o rganiza t ion-  
a l  p a t t e r n s  which have been observed.. Seve ra l  gene ra l  models 
of sensory-motor o r g a n i z a t i o n  a t  t h e  s p i n a l  l e v e l  a r e  t h e n  
proposed. 
2 . 4 . 3  I n t e r a c t i o n  Between S p i n a l  Ref l e x  Pathways 
Simnle mechanisms enable  r e c i p r o c a l  a c t i o n  between 
I 
s t r e t c h  r e f l e x e s  i n  ex tenso r  and f l e x o r  muscle p a i r s .  
When a s t r e t c h  r e f l e x  i s  e x c i t e d  i n  one muscle of t h e  p a i r ,  
t h e  s t r e t c h  r e f l e x  i n  the  opposing muscle  is  i n h i b i t e d .  
T h e  converse i s  a l s o  t r u e :  a decrease  i n  a f f e r e n t  a c t i v i t y  
i n  muscle p ropr iocep to r s  removes i n h i b i t i o n  f r o m  t h e  p ropr i -  
oceptor  feedback pa ths  t o  t h e  opposing muscle, e f f e c t i v e l y  
f a c i l i t a t i n q  t h e  r e f l e x  Path i n  t h e  opposing muscle. These 
r e c i p r o c a l  pathways i n s u r e  t h a t  t o t a l  ref l e x  a c t i v i t y  i n  
opposing muscles acts i n  c o n c e r t ,  p rovid ing  smooth, e f f i c i e n t  
r e g u l a t i o n  of motion. 
The f l e x o r  r e f l e x l  a c t i v a t e d  by h igh  t h r e s h o l d  cutaneous 
a f f e r e n t s  I s t r o n g l y  a c t i v a t e s  t h e  f l e x o r  muscles of t h e  limb I 
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wi thdrawing  it from t h e  source  of p a i n f u l  s t imulus  e 
Flexor  r e f l e x  a f f e r e n t s  a l s o  act  t o  i n h i b i t  t ransmiss ion  
of I a  a f f e r e n t s  (muscle s p i n d l e  p o s i t i o n  feedback) i n  the  
ex tenso r  and. f l e x o r  muscles. The effect  of t h i s  i n h i b i t i o n  
i s  t o  open both  p o s i t i o n  feedback loops t o  enable  a maximum 
r a t e  of withdrawal ,  i .e . ,  "open loop c o n t r o l .  
2 . 4 . 4  Function of the  Higher Brain Centers  
R e m a r k s  on t he  func t ions  of the h ighe r  b r a i n  c e n t e r s  
must be l i m i t e d  t o  a f e w  g e n e r a l i z a t i o n s .  
Voluntary commands a r e  genera ted  i n  the  "h ighes t "  
b r a i n  area, the  c e r e b r a l  c o r t e x ,  where information about 
t he  states of t h e  body and the  e x t e r n a l  environment reaches 
conscious experience.  
Physiology of the  cerebellum sugges t s  t h a t  it i s  a 
coord ina t ing  c e n t e r  f o r  motor c o n t r o l .  I n v e s t i g a t o r s  
have founc? t h a t  i t s  mic ros t ruc tu re  i s  w e l l  s u i t e d  t o  process  
comnlex sensory p a t t e r n s .  
Higher c e n t e r  commands act  v i a  descending t r a c t s  i n  
t h e  whi te  ma t t e r  of t h e  s p i n a l  cord.  These descending axons 
form s y n a p t i c  j unc t ions  w i t h  i n t e rneurons  and motoneurons, 
i n t e r a c t i n g  w i t h  the  s p i n a l  r e f l e x  Dathways t o  determine t h e  
cutf low from the  motoneurons. 
Descending fibers o r i g i n a t e  i n  t he  cerebral c o r t e x  and 
i n  the  n u c l e i  ( l a r g e  nerve masses) of t h e  b r a i n  s t e m .  B o t h  
the  c e r e b r a l  c o r t e x  and cerebellum e x e r t  an in f luence  on 
a c t i v i t y  i n  t h e  b r a i n  s t e m  n u c l e i .  
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The direct  cerebral c o r t e x  e f f e r e n t s  are be l i eved  t o  
e x e r c i s e  s t r o n g ,  indeDendent c o n t r o l  over  bo th  t h e  alpha 
and g a m a  motor svstems. The less direct  effect of the 
cerebellar i n f l u e n c e  sugges t s  t h a t  i t s  func t ion  is  p r imar i ly  
t h a t  of a coord ina t ing  c e n t e r .  
Experiments have shown very gene ra l  f u n c t i o n a l  p r o p e r t i e s  
of the  descending s p i n a l  tracts.  Weak s t i m u l a t i o n  w i t h i n  the 
b r a i n  s t e m  n u c l e i  may e i ther  enhance o r  i n h i b i t  the stretch,  
f o r c e ,  and f l e x o r  r e f l e x e s .  While t h e s e  s t u d i e s  have shown 
only gene ra l  i n h i b i t o r y  and f a c i l i t o r y  f u n c t i o n s ,  i t  i s  n o t  
unreasonable t o  assume t h a t  h ighe r  c e n t e r  mechanisms e x h i b i t  
a high degree of s e l e c t i v i t y  i n  c o n t r o l  of sDina l  l e v e l  
r e f l e x  mechanisms. The s t u d i e s  sugges t  t h a t  higher c e n t e r s  
may determine the  mode of r e f l e x  c o n t r o l ;  ei ther force 
feedback, p o s i t i o n  feedback, open loop, o r  a combination of 
these. 
2 . 5  Conclusions - A General Plodel f o r  Regulation of Pos ture  
Figure 2 . 1 1  d e p i c t s  a g e n e r a l  conf igu ra t ion  fo r  the  
feedback of sensory informat ion  and t h e  i n i t i a t i o n  of motor 
commands i n  t h e  p o s t u r a l  c o n t r o l  system. 
Major f e a t u r e s  of t he  model inc lude :  
1. P o s i t i o n  and f o r c e  feedback loops a t  t h e  s p i n a l  
l e v e l  
2. Higher c e n t e r  c o n t r o l  of p o s i t i o n  and force feed- 
back crains 
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3 .  
4. 
5. 
I n  
of t h i s  
Higher c e n t e r  p o s i t i o n  and f o r c e  commands 
D i r e c t  h i g h e r  c e n t e r  a c t i v a t i o n  of  p o s t u r a l  muscle 
Feedback of sensory informat ion  from t h e  v e s t i b u l a r  
system, t h e  v i s u a l  system, and t h e  k i n e s t h e t i c  
senses  t o  t he  h igher ,  conscious c e n t e r s .  
subsequent c h a p t e r s ,  s p e c i f i c  p r o p e r t i e s  and func t ions  
mult i loop system a r e  explored us ing  both experimental  
observa t ions  and automatic  c o n t r o l  modellinq techniques.  
C h a r a c t e r i s t i c s  of each feedback loop a r e  def ined  t o  t h e  
e x t e n t  p o s s i b l e .  S t r a t e g i e s  f o r  t he  coord ina t ion  of the  
many feedback c o n t r o l  loops are demonstrated f o r  a number 
of pos tu re  c o n t r o l  tasks.  
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CHAPTER 3 
THE STRETCH REFLEXES 
The stretch r e f l e x  i s  one of the  s implest  examples 
of feedback compensation i n  t h e  human body. Reflex c o n t r o l  
i n  ex tenso r  and flexor muscles about a qiven j o i n t  may be 
compared t o  a p o s i t i o n  servomechanism, r e s i s t i n g  changes 
i n  muscle l eng th  through both mechanical and s p i n a l  l e v a 1  
a c t i v e  processes .  S e n s i t i v i t i e s  of t h e  r e f l e x  reslsonses 
are r egu la t ed  by the  h ighe r  c e n t e r s .  
The ankle  j o i n t  stretch r e f l e x  acts t o  i n h i b i t  body 
sway. Experiments presented  i n  t h i s  chap te r  a t tempt  t o  
q u a n t i f y  the  c o n t r i b u t i o n  of the ankle  j o i n t  r e f l e x  responses 
t o  o v e r a l l  p o s t u r a l  s t a b i l i t y  under a v a r i e t y  of condi t ions  e 
To t h i s  end, an exnerimental  p l a t fo rm has been developed 
t o  measure ankle  r e f l e x  responses  of human subjects dur ing  a 
number of pos tu re  c o n t r o l  tasks.  
9 
A model i s  developed which describes t h e  r e f l e x  c o n t r o l  
loop and the  modes by which h ighe r  c e n t e r s  modulate r e f l e x  
response ga ins .  Cont ro l  of s m a l l  t r a n s i e n t  d i s tu rbances  
through m u l t i p l i c a t i v e  i n c r e a s e  i n  r e f l e x  ga in  is shown. 
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The s t r a t e q v  of s e t t i n g  r e f l e x  ga in  i s  shown t o  be 
dependent only on t h e  n a t u r e  of t h e  suppor t ing  s u r f a c e .  
Rigid suppor t ing  s u r f a c e s  a f f o r d  maximum r e f l e x  c o n t r o l ,  
whi le  comDliant s u r f a c e s  r ende r  r e f l e x  c o n t r o l  u s e l e s s .  
3 .1  The;Stretch Reflex a s  a Feedback C o n t r o l l e r  
3 .1 .1  Phys io log ica l  Background 
Recent ly ,  models f o r  neuromuscular mechanisms have 
been developed us ing  c o n t r o l  theorv app l i ed  t o  c u r r e n t  
phys io log ica l  data (55, 6 7 ,  7 6 ) .  These component models 
form the b a s i s  f o r  t h e  d e s c r i p t i o n  of i n t e g r a t e d  pos tu re  
r egu la to ry  processes  i n  t h i s  thesis.  
The ref l e x  c o n t r o l  mechanism, inc lud ing  p ropr iocep t ive  
feedback p a t h v z y ~  snd higher c e n t e r  i n p u t s ,  i s  i l l u s t r a t e d  
i n  F igure  3.1. C h a r a c t e r i s t i c s  of i n d i v i d u a l  components 
have been p resen ted  i n  Chapter 2.  Components i nc lude  
p o s t u r a l  muscles responsive t o  both a c t i v e  n e u r a l  s t imula-  
t i o n  and t o  mechanical stretch and Dosi t ion  feedback v i a  
t h e  muscle sDinciles which respond i n  p ropor t ion  t o  l eng th  
and ra te  of stretch. The fo l lowing  paragraphs describe 
ref lex-feedback r e q u l a t i c n  zr.5 t h e  effects of h ighe r  c e n t e r  
commands on t h e  r e f l e x  c o n t r o l  loop. 
Two d i rec t  mecha-nical mechanisms resist l eng th  changes 
i n  f l e x o r  and ex tenso r  muscles.  During cons t an t  s t i m u l a t i o n ,  
muscle t ens ions  vary i n  p ropor t ion  t o  sma l l  l eng th  changes 
about a median l eng th ,  F iqure  2.5.  Rate of stretch a l s o  
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a f f e c t s  t e n s i o n  of the  muscle under c o n s t a n t  s t i m u l a t i o n ,  
Figure 2 e 3 .  Both t h e  length-change and v e l o c i t y  induced 
t e n s i o n s  act  t o  resist  o v e r a l l  change i n  muscle l eng th .  
I t  should be noted t h a t  t h e  s e n s i t i v i t y  of both of t h e s e  
mechanisms v a r i e s  i n  response t o  t h e  a c t i v a t i o n  l e v e l  of 
t h e  muscle i t s e l f .  
I n  a d d i t i o n  t o  t h e  "mechanical" mechanisms vary ing  
t e n s i o n  t o  res is t  musc le  l eng th  change, t h e r e  i s  a c t i v e  
r e s i s t a n c e  i n i t i a t e d  by muscle s p i n d l e  r e f l e x e s .  
S t r e t c h i n g  skeletal  muscle produces a corresponding 
s t re tch of t h e  muscle s p i n d l e  r e c e p t o r s  i n t e r s p e r s e d  tkrough- 
o u t  t h e  muscle. S t r e t c h i n g  a muscle s p i n d l e  i n c r e a s e s  i t s  
a f f e r e n t  d i scha rge ,  which then  acts through t h e  a lpha  moto- 
neuron pool t o  c o n t r a c t  skeletal miscPe fibers in t h e  r eg ion  
of t h e  s t r e t c h e d  s p i n d l e .  I n c r e a s e  of muscle t e n s i o n  i s  
achieved by a combination of t h e  recru i tment  of a d d i t i o n a l  
motor u n i t s  and inc reased  a c t i v a t i o n  o f  u n i t s  a l r eady  f i r i n g .  
Higher c e n t e r  a c t i v i t y  in f luences  t h e  r e f l e x  feedback 
func t ions  i n  t h e  fo l lowing  ways: 
1. 
2. 
3 .  
The 
Muscle "mechanical" n r o p e r t i e s  are dependent on 
t h e  level of muscle a c t i v a t i o n .  
Muscle s p i n d l e  feedback "ga ins"  are c o n t r o l l e d  
by h ighe r  c e n t e r  commands. 
Higher c e n t e r s  may a c t  on t h e  alpha-motoneuron 
pool, e x e r c i s i n g  direct  c o n t r o l  over t h e  a c t i v a t i o n  
l e v e l  of t h e  muscle. 
i n t e n s i t y  of t h e  muscle s n i n d l e  response t o  s t re tch  
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may b e  a l t e r e d  by a c t i v a t i n q  i n t r a f u s a l  muscle f i b e r s  by 
way of t h e  y-motoneuron pool.  y - f i b e r s  can be  sepa ra t ed  
f u n c t i o n a l l y  i n t o  two groups: those  a f f e c t i n g  s t a t i c  and 
those  a f f e c t i n g  dynamic components of t h e  s p i n d l e  response 
(64). 
Act iva t ion  of y - s t a t i c  f i b e r s  may produce e i t h e r  limb 
movement o r  chancre i n  t he  mechanical re f lex  ga in ,  o r  muscle 
tone.  Consider i nc reased  y - s t a t i c  a c t i v i t y  i n  one musc le  
of an a n t a g o n i s t i c  muscle p a i r .  Figure 3 .2  shows how t h e  
length- tens ion  r e l a t i o n s h i p  for  t h i s  muscle  s h i f t s ,  moving 
t h e  limb from equ i l ib r ium P o s i t i o n  R t o  p o s i t i o n  R'. Equal 
changes i n  y - s t a t i c  a c t i v i t y  of both muscles of t h e  p a i r  
change t h e  equ i l ib r ium a c t i v a t i o n  l e v e l s  of both the  a g o n i s t  
and a n t a g o n i s t  muscles. F igure  3 . 3  shows how t h i s  a f f e c t s  
an i n c r e a s e  i n  stiffness of the j o i r i t -  
Inc reas ing  t h e  i n t e n s i t y  of t h e  phas i c  s p i n d l e  response 
t o  a given rate of s t r e t c h  y-dynamic f i b e r s ,  i n c r e a s e s  t h e  
i n t e n s i t y  of t h e  a c t i v e  r e f l e x  response.  A change i n  p h a s i c  
response ga in  has  no e f f e c t  on t h e  equ i l ib r ium p o s i t i o n  of 
t h e  l i m b .  
I n  d e s c r i b i n g  c o n t r o l  mechanisms of t h e  r e f l e x  a r c ,  
p h y s i o l o g i s t s  have recognized i t s  l i k e n e s s  t o  a p o s i t i o n  
servo-mechanism. Only r e c e n t l y ,  however, have i n v e s t i g a t o r s  
i n t e g r a t e d  f u n c t i o n a l  d e s c r i p t i o n s  of t h e  i n d i v i d u a l  phys io l -  
o g i c a l  components i n t o  models of t h e  r e f l e x  c o n t r o l  system. 
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Johnson (67)  developed a l i n e a r  component model f o r  
p o s t u r a l  r e f l e x  c o n t r o l .  H e  measured t h e  mechanical 
impedence of t h e  human w r i s t  p o s t u r a l  r e f l e x  and w a s  able 
t o  show t h a t  h i s  l i n e a r  model could p r e d i c t  t h e  exper i -  
mental r e s u l t s .  By i n c o r p o r a t i n g  i n t o  t h e  model t h e  func- 
t i o n a l  changes brought about  by s e v e r a l  diseases a f f e c t i n g  
r e f l e x  c o n t r o l ,  h i s  model p r e d i c t e d  t h e  mechanical impedence 
of s e v e r a l  af E l i c t e d  subjects. 
Houk (55) s t u d i e d  w r i s t  r o t a t i o n ,  i n t e g r a t i n g  m a t h e m a t -  
i c a l  models f o r  each p h y s i o l o g i c a l  component i n t o  a complete 
r e f l e x  c o n t r o l  model. H e  compared a l i n e a r i z e d  r e f l e x  model 
t o  the responses of human s u b j e c t s  determining s p e c i f i c  
parameter va lues  f o r  each of t h e  components i n  h i s  model. 
McRuer e t  a 1  ( 7 6 )  developed a neuromuscular a c t i v a t i o n  
model using both recent phys io log ica l  data and descr ib ing-  
func t ion  d a t a  from human ope ra to r s .  L inear  models w e r e  used. 
Muscle models w e r e  lumped i n t o  a s i n g l e  agon i s t / an tagon i s t  
model desc r ib ing  both mechanical muscle and a c t i v e  r e f l e x  
response c h a r a c t e r i s  t ics.  Model dynamics w e r e  comparable 
t o  t h e  descr ib ing- func t ion  d a t a .  
These s t u d i e s  show t h a t  l i n e a r i z e d  component models 
and e q u i v a l e n t  b i l a t e r a l  muscle models can w i t h  f a i r  ac- 
curacy p r e d i c t  p o s t u r a l  responses .  Fu r the r  i n v e s t i g a t i o n s  
of pos tu re  c o n t r o l  mechanisms descrkbed i n  t h i s  thesis 
begin wi th  these premises.  
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Before proceeding f u r t h e r ,  a b r i e f  d e s c r i p t i o n  of  t h e  
lumped agon i s t / an tagon i s t  muscle model i s  i n  o rde r .  The re- 
l a t i o n s h i p  of muscle t e n s i o n ,  P ,  t o  s m a l l  changes i n  length  
(AL) , smal l  s t r e t c h  v e l o c i t i e s ,  V, and s m a l l  changes i n  
s t i m u l a t i o n  frequency (Af) der ived  i n  Sec t ion  2 .2  i s  as 
fo l lows:  
ap ap P = Po(fo,Lo,Vo) + [ ar Af + - aL AL + 
L = Lo 
v = v o = o  t 
Using t h i s  r e l a t i o n s h i p ,  n e t  torque produced by t h e  
agon i s t / an tagon i s t  p a i r  shown i n  Figure 3 . 4  may be given as 
fol lows:  
E XTE 
AN AGONIST/ANTAGONIST MUSCLE PAIR 
Figure 3.4 
apE a~~ apE avE 
be + -- 6 1  av a e  a~ a e  A f E  + - - T = d E [ P  + -  apE af OE 
( 3 . 2 )  
aPF 2VF 
6 1  aLaB av a e  
a', aLF 
A0 +-A apF af -dF [ P + - A f F  + 
O F  
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Assuming t h e  j o i n t  i s  i n i t i a l l y  a t  equi l ibr ium:  
d P  = d P  
E OE OF 
VE = VF = 0 
VE = dE6 
Assuming r e c i p r o c a l  i nne rva t ion :  
AfE = - A f F  = A f  
Combining 3 . 2 ,  3 . 3 ,  and 3 . 4 :  
( 3 . 3 )  
( 3 . 4 )  
( 3 . 5 )  
apF 
a 6  
dE + -dF )B 
Equation 3 . 4  shows t h a t  t h e  combined agon i s t / an tagon i s t  
muscle model i s  of t h e  same f o r m  a s  t h e  s i n g l e  musc le  
model. Lumped model parameter va lues  a r e  a weighed sum 
of t h e  parameter values  of ea& ~ u s c l e .  Active and pass ive  
response c h a r a c t e r i s t i c s  remain independent of one another  
w i t h i n  t h e  scope of t h e  o r i g i n a l  approximations. 
A p e r t u r b a t i o n  model f o r  smal l  motions about t h e  equi-  
l i b r ium p o s i t i o n  i s  developed i n  t h e  form: 
KR ( s )  are t h e  ref l e x  response c h a r a c t e r i s t i c s  ; K, ( s )  , the  
muscle response c h a r a c t e r i s t i c s .  
A -  
Active response may be modeled as a simple f i rs t  o r d e r  
l a g  (15, 1 9 ,  7 5 ) :  
Kf 
% 1 + TM s ( 3 . 7 )  
48 
The muscle response i s  modeled a s  a s p r i n g  cons t an t  
with series damping: 
K m ( s )  = Bm(fo)  s + Km(fo)  
Spring cons t an t ,  Km, and viscous 
(3.8) 
damping, Bm, vary wi th  
the  background s t i m u l a t i o n  l e v e l ,  o r  muscle tone ,  as 
shown i n  Figures 2.5  and 2.3. 
3.1.2 Reflex Responses During Q u i e t  Standing 
The fol lowing i s  a d e s c r i p t i o n  of t h e  experiment 
conducted t o  determine s p e c i f i c  va lues  of t h e  parameters 
f o r  t h e  ankle  s t r e t c h  r e f l e x  c o n t r o l  loop. The r e f l e x  
response parameters ob ta ined  are then  formulated i n t o  a 
model which q u a n t i f i e s  the c o n t r i b u t i o n  of the ankle xeiTiex 
c o n t r o l  loop t o  o v e r a l l  p o s t u r a l  s t a b i l i t y ,  p rovid ing  t h e  
b a s i s  for  f u r t h e r  experiments exp lo r ing  t h e  s t r a t e g y  of 
r e f l e x  parameter adap ta t ion  t o  changing c o n t r o l  condi t ions .  
The s u b j e c t  s t a n d s  r e l axed  on t h e  experimental  p l a t fo rm 
(descr ibed  i n  Appendix B )  , arms fo lded  above t h e  w a i s t  and 
f e e t  t e n  t o  twelve inches  a p a r t .  The s u b j e c t ' s  knees are 
locked. H e  i s  asked t o  avoid s h i f t i n g  h i s  s t a n c e  dur ing  the 
t h r e e  minute d u r a t i o n  of each test  run. The p l a t fo rm d e t e c t s  
t h e  s u b j e c t ' s  r e a c t i o n  torques  and h i s  sway angle  about t h e  
ankle  j o i n t .  A h y d r a u l i c  p o s i t i o n  se rvo  al lows r o t a t i o n s  of 
t he  p l a t .  r m  about an a x i s  c o l i n e a r  w i t h  t h a t  of t h e  sub- 
ject ' s  ankle  j o i n t s .  The ankle  s t r e t c h  r e f l e x  i s  e x c i t e d  by 
s m a l l  s t e p s  of t h e  platform.  
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The experiment i s  c o n t r o l l e d  by a hybr id  program, 
" T e s t " ,  which i n i t i a t e s  each s t e p  d i s tu rbance ,  i n i t i a l i z e s  
the  torque  and body angle  readings ,  and stores t h e  responses 
on d i g i t a l  t ape .  ( " T e s t "  i s  desc r ibed  i n  Appendix C . )  
The d i r e c t i o n  of each s t e p  i s  random about zero  p l a t fo rm 
angle.  The t i m e  between s t e p s  i s  random w i t h i n  an i n t e r v a l  
of 5 t o  15 seconds. 
During each t es t  run t h e  s u b j e c t  i s  asked t o  s t a n d  
r e l axed  wi th  h i s  eyes open. To p reven t  f a t i g u e ,  each test  
run i s  l i m i t e d  t o  1 6  s t e p  samples, o r  approximately 3 
minutes. Seven tes t  runs are conducted f o r  each of f i v e  
s t e p  s i z e s :  1 / 1 0 ,  1/4, 1/2,  1, and 1 1 / 2  degrees .  A t es t  
run c o n s i s t s  of one s t e p  s i z e  only.  The o rde r ing  of  s t e p  
s i z e  t e s t  runs i s  random. 
Typica l  ex tenso r  and f l e x o r  muscle responses are 
shown i n  Figure 3.5. Responses are c h a r a c t e r i z e d  by a 
peak w i t h i n  80-125 mi l l i s econds ,  a compensatory response 
peak a t  400-800 mi l l i s econds ,  then gradual  r e t u r n  t o  equi -  
l ib r ium.  Within t h e  f irst  50 mi l l i s econds ,  a l a r g e  
d i f f e r e n c e  i s  ev iden t  between the  muscle ex tenso r  and f l e x o r  
responses The ex tenso r  response shows an a c c e l e r a t i o n  
peak a t  t e n  mi l l i seconds  and s t r o n g  v i s c o s i t y  component a t  
10-50 mi l l i s econds ,  while  t h e  f l e x o r  response shows n e i t h e r  
of t h e s e  e f f e c t s  s t r o n g l y .  A p o s s i b l e  explana t ion  f o r  t h e  
d i f f e r e n c e s  i n  t h e s e  muscle responses i s  : 
The f o o t  i s  a non l inea r  e l a s t i c  component which t r a n s -  
m i t s  t h e  p la t form s t e p  t o  t h e  ankle  j o i n t .  Normally 
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the  s u b j e c t  s t a n d s  wi th  h i s  c e n t e r  of  g r a v i t y  
forward of t h e  ankle  j o i n t ,  compressing the  foot. 
The f o o t  i s  fo rced  upward dur ing  e x c i t a t i o n  of t h e  
ex tenso r  r e f l e x  response.  Because i t  i s  a l ready  com- 
p res sed ,  t h e  f o o t  i s  n e a r l y  r i g i d  t o  f u r t h e r  compres- 
s i o n .  The f o o t  drops downward, and i s  decompressed 
dur ing  e x c i t a t i o n  of t h e  f l e x o r  r e f l e x  response.  The 
f o o t  i s  e l a s t i c  t o  decompression. 
T h e  r e f l e x  response ampli tude,  def ined  as  t h e  maximum 
ankle  torque  occur r ing  w i t h i n  80 t o  1 2 5  mi l l i seconds  a f t e r  
i n i t i a t i o n  of t h e  s t e p  d i s tu rbance ,  i s  determined f o r  each 
s t e p  response.  Reflex ga in  i s  de f ined  as response torque  
amplitude d iv ided  by t h e  ankle  s t e p  s i z e .  The composite 
average ga in  as  a func t ion  of s t e p  s i z e  i s  shown i n  F i g u r e  
3.6.  Var i a t ion  among s u b j e c t s  i s  s t a t i s t i c a l l y  i n s i g n i f i -  
c a n t ,  p > 0 . 1 .  (Histograms showing t h e  d i s t r i b u t i o n  of ga ins  
a r e  inc luded  i n  Appendix E . )  
T o  examine t h e  l a t e r  compensatory phase,  average re- 
sponses of each s u b j e c t  t o  t h e  1 / 4  and t h e  1 / 2  degree s t e p s  
a r e  computed. These response groups a r e  f u r t h e r  subdivided 
according t o  i n i t i a l  ga in  i n t o  t h r e e  l e v e l s ,  those  i n  t h e  
lowest  t h i r d ,  t hose  i n  the middle t h i r d ,  and those  i n  t h e  
h i g h e s t  t h i r d  f o r  each sample group. (Complete response 
averages f o r  each of t h e  s i x  cases  a r e  shown i n  Appendix E . )  
Combined response averages f o r  each case are shown i n  
Figure 3 . 7 .  
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3.1.3 Conclusions 
The r e f l e x  response c h a r a c t e r i s t i c s  determined i n  
the  experiments desc r ibed  above are i n  good agreement wi th  
the phys io log ica l  d a t a  of r e f l e x  t i m e  de lay  and slow ske le -  
t a l  muscle response t i m e s  p r e sen ted  i n  Chapter 2 .  
A s i g n i f i c a n t  f e a t u r e  of t h e  r e f l e x  c o n t r o l  loop i s  
t h e  l a r g e  i n c r e a s e  i n  ga in  fo r  d i s tu rbances  of very smal l  
amplitude.  While ga ins  for  s t e p s  of 1/4 t o  1 / 2  degrees 
a r e  considerably below t h a t  necessary f o r  p o s t u r a l  s t a b i l i t y  
( 2  f t - lb /degree  versus  about 5 f t - lb /degree)  , t h e  two-fold 
i n c r e a s e  i n  ga in  f o r  1/10° s t e p s  (4 f t - lb /degree)  sugges ts  
t h a t  re f lex  c o n t r o l  a lone may f u l l y  s t a b i l i z e  t h e  body f o r  
d i s tu rbances  below l/lOo. This  i s  s u b s t a n t i a t e d  by c u r r e n t  
phys io log ica l  evidence. 
Evidence of l a r g e  ga in  i n c r e a s e s  i n  muscle responses 
t o  sma l l  l eng th  changes i s  found i n  t h e  work of H i l l  (54) 
and Joyce e t  a l .  ( 6 9 ) .  Brown e t  a l .  (14) observe a l a r g e  
ga in  i n c r e a s e  i n  muscle s p i n d l e  response a t  t h e  onse t  of 
s t r e t c h .  S i m i l a r  ga in  i n c r e a s e s  i n  the r e f l e x  response 
i s  shown by Matthews ( 8 0 ) .  H i l l  observed an e las t ic  e f f e c t  
i n  f r o g  s a r t o r i u s  muscle f o r  smal l  l eng th  changes, up t o  0 . 2 %  
of muscle length .  Beyond t h i s  p o i n t ,  f u r t h e r  changes i n  
length  a t  c o n s t a n t  v e l o c i t y  produce no f u r t h e r  i n c r e a s e  i n  
tens ion .  Joyce e t  a l . ,  observed t e n s i o n  changes dur ing  
l eng th  changes a t  va r ious  v e l o c i t i e s  i n  c a t  so l eus  muscle. 
_ r  - 
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A t  a moderate rate of s t i m u l a t i o n  i s o m e t r i c  t ens ion  exceeded 
t h e  t e n s i o n  dur ing  e i ther  lengthening  o r  sho r t en ing .  See 
Figure 3.8. 
Matthew determined t h e  r e l a t i o n s h i p  between the change 
i n  a c t i v e  r e f l e x  t e n s i o n  and the  e x t e n t  of displacement i n  
c a t  s o l e u s  muscle. H e  found t h e  ga in  of the r e f l e x  response 
t o  be two t o  fou r  times g r e a t e r  f o r  changes of length less 
than 0 . 3  m i l l i m e t e r s  than t h a t  f o r  l a r g e r  stretches,  Figure 
3 . 9 .  Brown e t  a l .  found a l a r g e  b u r s t  of s p i n d l e  a f f e r e n t  
a c t i v i t y  a t  t h e  beginning of s t r e t c h .  They sugges t  t h a t  
t h e s e  e f f e c t s  a r e  due t o  t h e  p e r s i s t e n c e  of s t a b l e  bonds 
between a c t i n  and myosin f i l amen t s  of t h e  i n t r a f u s a l  f i b e r s  I 
i . e .  f i b e r s  tend  t o  remain "s tuck"  a t  the i r  i n i t i a l  s e t t i n g .  
Recordings of a n k l e  tn-rque azd b ~ d y  angle  responses 
dur ing  q u i e t  s t a n d i n g ,  Figure 3 .10 ,  i n d i c a t e  t h a t  t h e  r e f l e x  
loop f u l l y  s t a b i l i z e s  ve ry  s m a l l  amplitude body sway motions. 
A l l  s u b j e c t s  e x h i b i t  f r equen t  pe r iods  of f i v e  o r  more seconds 
du ra t ion  i n  which no motion w i t h i n  measurement r e s o l u t i o n  
(T = kO.10 f t - l b  B B  rtO.02 degrees)  can be observed. 
h ighe r  c e n t e r  feedback c o n t r o l s  a r e  l i m i t e d  by th re sho lds  
considerably l a r g e r  than t h e  measurement r e s o l u t i o n s .  
( R e s u l t s ,  Chapters 4 and 5 )  Therefore ,  r e f l e x  feedback 
c o n t r o l  must be r e spons ib l e  fo r  these s t a b l e  pe r iods .  
A l l  
On the basis of  forementioned p h y s i o l o g i c a l  and ex- 
per imenta l  ev idence ,  a r e f l e x  ga in  f u n c t i o n  i s  def ined  i n  
Figure 3.11. Both muscular and r e f l e x  responses  show ga in  
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i n c r e a s e s  due t o  s t i c t i o n  f o r  d e f l e c t i o n s  less than  0.15O. 
Reflex feedback ga in  is  s u f f i c i e n t  fo r  complete p o s t u r a l  
s t a b i l i t y  f o r  d e f l e c t i o n s  less than  0.05'. 
The compensatory response i s  i n i t i a t e d  by h ighe r  c e n t e r  
commands, Observed de lay  t i m e ,  about 200 mi l l i s econds ,  
agrees  wi th  phys io log ica l  evidence f o r  h ighe r  c e n t e r  response 
de lay ;  it also agrees  w i t h  v e s t i b u l a r  response de lays  
measured by t h e  au thor  and r epor t ed  i n  Chapter 4. 
Figure  3.12 shows the  compensatory response n a t u r a l  
frequency and damping r a t i o  as a func t ion  of t h e  i n i t i a l  
r e f l e x  d i s tu rbance  amplitude. Included i n  each f i g u r e  f o r  
comparison are t h e  response characterist ics as a func t ion  
of ga in  f o r  t h e  fol lowing roughly e q u i v a l e n t  system: an 
i n v e r t e d  pendulum s t a b i l i z e d  wi th  a r a t e  compensated feed- 
back, w i t h  system dynamics roughly e q u i v a l e n t  t o  those  of  t h e  
body r e f l e x  c o n t r o l  system. (Figure 3.13) Resul t s  sugges t  
t ha t  h ighe r  c e n t e r s  enhance t h e  t o t a l  r e f l e x  ga in  dur ing  a 
t r a n s i e n t  d i s tu rbance  i n  p ropor t ion  t o  t h e  perce ived  dis-  
turbance amplitude e Reports of s e v e r a l  i n v e s t i g a t o r s  a l so  
i n d i c a t e  r e f l e x  ga in  c o n t r o l  as a l i k e l y  h ighe r  c e n t e r  con- 
t r o l  mechanism. 
K i m  and P a r t r i d g e  ( 7 1 )  show t h a t  t o t a l  r e f l e x  ga in  
( A  tension/A l eng th )  i n  cat  s o l e u s  muscle i s  enhanced by 
factors of t w o  t o  three t i m e s  when t h e  v e s t i b u l a r  nerve i s  
s t imu la t ed  cont inuously.  They n o t e  t h a t  neck r o t a t i o n s  
a l so  enhance r e f l e x  ga in .  For a given amount of s t r e t ch ,  
the r e f l e x  t e n s i o n  generated i s  p r o p o r t i o n a l  t o  t h e  
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v e s t i b u l a r  s t imulus  rate.  (Figure 3 . 1 4 )  I n  a f u r t h e r  
s tudy ,  P a r t r i d g e  and K i m  (87 )  f i n d  t h a t  isometric t ens ion  
v a r i e s  less than 1% of maximum muscle t e n s i o n  dur ing  s inu-  
s o i d a l l y  modulated v e s t i b u l a r  s t imu la t ion .  
Gernandt e t  a l .  (39)  have shown t h a t  v e s t i b u l a r  
s t i m u l a t i o n  i n  a n e s t h e t i z e d  c a t s  s t r o n g l y  a f f e c t s  t h e  
d o r s a l  t o  v e n t r a l  r o o t '  response amplitude a t  t h e  c e r v i c a l  
and lumbrosacral  l e v e l s  of the s p i n e .  They observe a 
sequence of s t r o n g  enhancement, i n t e r f e r e n c e ,  then re- 
enhancement w i t h  s i n g l e  shocks t o  t h e  v e s t i b u l a r  nerve,  
Figure 3.15. Since the  pe r iod  o f  enhancement i s  consider-  
ably g r e a t e r  than t h a t  f o r  i n t e r f e r e n c e ,  one would expec t  t h a t  
a t r a i n  of shocks would produce continuous enhancement of 
t h e  d o r s a l  t o  v e n t r a l  ga in .  
A ques t ion  arises i n  regard  t o  v e s t i b u l a r  r e g u l a t i o n  of 
r e f  l e x  ga in .  Experiments i n  Chapter 4 show conclus ive ly  
t h a t  v e s t i b u l a r  responses are able t o  mediate t h e  ope ra t ing  
torque of  ankle  j o i n t  musc les  i n  t h e  absence of ankle  j o i n t  
movement. T h i s  f i n d i n g  appears t o  be i n  d i r e c t  c o n f l i c t  
w i t h  t h e  v e s t i b u l a r  r e f l e x  ga in  c o n t r o l  mechanism proposed by 
P a r t r i d g e  I K i m ,  and Gernandt. 
Recent  experiments by Houk, S inge r ,  and Goldman (un- 
publ ished)  have shown t h a t  r e f l e x  ga in  i s  dependent on t h e  
o p e r a t i n g  l e v e l  of t h e  muscle. A t  h ighe r  o p e r a t i n g  l e v e l s  
they observe l a r g e r  ref l e x  ga ins  a This  non l inea r  
c h a r a c t e r i s t i c  allows h ighe r  c e n t e r s  t o  effect  r e f l e x  loop 
gain changes through increases i n  t h e  muscle ope ra t ing  
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l e v e l s ,  o r  muscle " tone" .  Perhaps t h i s  mechanism f o r  r e f l e x  
gain c o n t r o l  is  more c o n s i s t e n t  wi th  observa t ions  i n  t h i s  
chap te r  and i n  Chapter 4. I n  summary, t w o  phys io log ica l  
mechanisms f o r  r e f l e x  ga in  enhancement are proposed: 
m u l t i p l i c a t i v e  i n c r e a s e  i n  t h e  d o r s a l  t o  v e n t r a l  r e f l e x  
ga in ,  and c o n t r o l  of  t h e  o p e r a t i n g  t e n s i o n  l e v e l s  of muscle. 
Funct iona l ly  t h e  mechanisms are equ iva len t .  
The s t r a t e g y  of ga in  enhancement shows an e x c e l l e n t  
c o d i n a t i o n  of h ighe r  and l o w e r  l e v e l s  of sensory informa- 
t i o n .  The h i g h e r  c e n t e r  ga in  command involves  no complex 
process ing  and can be e f f e c t e d  with a minimum of  de lay .  
Addi t iona l  corrective computation t akes  p l a c e  a t  t h e  s p i n a l  
l e v e l  through enhanced r e s i s t a n c e  of body displacements .  
This mechanism is  a crude one, b u t  i n  m o s t  s i t u a t i o n s  a 
good "first  guess' ' .  More complex h ighe r  l e v e l  mechanisms 
r e q u i r i n g  longer  p rocess ing  t i m e  may i n t e r v e n e  somewhat 
later t o  f ine- tune  t h e  i n i t i a l  crude c o r r e c t i o n s .  
3.1.4 A Proposed Mechanism f o r  Reflex P o s t u r a l  Control  
A s i m p l i f i e d  model i s  assembled from t h e  experimental  
r e s u l t s  and conclusions described above. This  model a t tempts  
t o  demonstrate t h e  v a l i d i t y  of t h e  r e f l e x  ga in  c o n t r o l  
mechanism. B a s i c  o p e r a t i o n a l  f e a t u r e s  of t h e  model inc lude  : 
1. s e p a r a t i o n  of muscle and r e f l e x  responses 
2 .  l a r g e  i n c r e a s e  i n  muscle and r e f l e x  ga in  f o r  very 
s m a l l  d e f l e c t i o n s  
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3 .  modulation of r e f l e x  ga in  by h ighe r  c e n t e r  commands 
dur ing  t r a n s i e n t  d i s tu rbances .  
A l i n e a r i z e d  p e r t u r b a t i o n  model f o r  muscle i n  the  form 
desc r ibed  i n  Equation 3.6 i s  assumed. A l ead- lag  model for  
t h e  muscle s p i n d l e  l eng th  feedback i s  used. 
Parameters f o r  t h e  muscle and muscle s p i n d l e  models 
are determined by matching the  i n i t i a l  r e f l e x  response char- 
a c t e r i s  t ics of t h e  model wi th  average experimental  observa- 
t i o n s  shown i n  F igure  3 . 7 .  Reflex ga in  c o n t r o l  parameters 
are determined which match model compensatory responses w i t h  
the experimental  r e s u l t s .  Figure 3.16 shows t h e  model and 
computed responses .  
3.1.5 Conclusions 
T h e  r e f l e x  ga in  c o n t r o l  model demonstrates t h e  r e l a t i v e  
roles of r e f l e x  and h ighe r  c e n t e r  c o n t r o l  during q u i e t  
s tanding .  Reflex responses i n s u r e  only s t a t i c  s t a b i l i t y ,  
w h i l e  h ighe r  c e n t e r  ga in  c o n t r o l  provides  s t a b i l i t y  du r ing  
s m a l l  t r a n s i e n t  d i s tu rbances .  
T h e  ga in  c o n t r o l  s t r a t e g y  makes good sense  i f  w e  assume 
t h e  human wishes t o  achieve p o s t u r a l  s t a b i l i t y  w i t h i n  the 
fol lowing c o n s t r a i n t s  : 
1. a minimum of the amount of p h y s i c a l  e f f o r t  
necessary t o  remain stable 
2.  a minimization of t h e  frequency a t  which the 
h ighe r  c e n t e r s  must i n t e r v e n e  t o  maintain 
s t a b i l i t y .  
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Inc reas ing  r e f l e x  loop g a i n  decreases  t h e  number of 
t i m e s  t h e  higher  c e n t e r s  must act  t o  prevent  t h e  body from 
diverg ing .  However, i n c r e a s i n g  r e f l e x  r i g i d i t y  ca l l s  f o r  
an inc reased  expendi ture  of muscular energy and more r a p i d  
f a t i g u e ,  N o r m a l  pos tu re  c o n t r o l  can be seen  as the  "optimal" 
combination of cont inous r e f l e x  and i n t e r m i t t e n t  h igher  
c e n t e r  feedback c o n t r o l .  
The preceding model establishes ga in  c o n t r o l  as a 
l i k e l y  mechanism for  achieving p o s t u r a l  s t a b i l i t y  when t h e  
ankle  j o i n t  r e f l e x e s  are a c t i v e  ( i . e .  s t and ing  on a r i g i d  
s u r f a c e ) .  A more complete development of t h i s  model i s  
given i n  Chapter 5 a f t e r  a d e f i n i t i o n  of h ighe r  c e n t e r  
sensory modes, v e s t i b u l a r ,  v i s u a l ,  and ex te rocep t ive ,  i n  
Chapters 4 and 5. 
3 .2  The R o l e  of Ankle Reflex Cont ro l  i n  Pos tu re  S t a b i l i t v  
3.2 e 1 Impl i ca t ions  of Ankle R e f  l e x  Cont ro l  
S t r e t c h  r e f l e x e s  are t h e  s i m p l e s t  of t h e  pos tu re  
feedback c o n t r o l  loops.  S impl i c i ty  g ives  r e f l e x  c o n t r o l  t h e  
advantage of r a p i d  response t o  pos tu re  d i s tu rbances .  Reflex 
c o n t r o l  has t h e  l i m i t a t i o n  of o p e r a t i n g  w i t h i n  the  body 
r e fe rence  frame, t h a t  of r e l a t i v e  motion between body p a r t s .  
The ankle  s t re tch  r e f l e x  feedback he lps  s t a b i l i z e  body 
sway motion. The r e f l e x  model has shown t h a t  r e f l e x  c o n t r o l ,  
i n  combination w i t h  a s imple ga in  c o n t r o l  f r o m  h ighe r  c e n t e r s ,  
i s  able t o  f u l l y  s t a b i l i z e  s m a l l  body d i s tu rbances .  I n  many 
circumstances,  however, independent r e f l e x  c o n t r o l  cannot 
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s t a b i l i z e  t h e  body. When the  suppor t ing  s u r f a c e  i s  r i g i d ,  
ankle  ang le  motion can provide both body and i n e r t i a l  
r e f e rence  informat ion  necessary f o r  s t a b i l i t y .  On non- 
r i g i d  s u r f a c e s  i n e r t i a l  in format ion  i s  l o s t  and t h e  h ighe r  
c e n t e r  sensory loops (eyes and v e s t i b u l a r  organs)  must 
mediate o r  o v e r r i d e  t h e  r e f l e x  responses t o  provide p o s t u r a l  
s t a b i l i t y .  
3 .2 .2  Ref l e x  Adaptation (Experiments by t h e  Author) 
The fo l lowing  experiments exp lo re  more f u l l y  the 
r e l a t i o n s h i p  of  r e f l e x  and h i g h e r  c e n t e r  c o n t r o l  s t r a t e g y ,  
i l l u s t r a t i n g  r e f l e x  ga in  dur ing  a v a r i e t y  of circumstances 
which a l t e r  t h e  e f f e c t i v e n e s s  of t h e  r e f l e x  c o n t r o l  loop. 
T e s t  cond i t ions  are designed t o  determine t h e  e f f e c t s  of 
t h e  fo l lowing  on feedback parameters : 
1. v i s u a l  feedback: enhancement and e l i m i n a t i o n  
2 .  conscious pos tu re  set  
3 .  random ankle  angle  d i s tu rbances  
4. e l i m i n a t i o n  of ankle  p o s i t i o n  feedback 
Method: 
The r e f l e x  response parameters  a r e  measured us ing  t h e  
technique developed i n  t h e  prev ious  experiments.  I n  cases 
where p l a t fo rm motions o t h e r  t han  t h e  s t e p s  a r e  p r e s e n t ,  
t h e  s t e p s  are added t o  t h e  motion. I n  a l l  cases, t h e  s t e p  
v e l o c i t y  is s e v e r a l  o r d e r s  of magnitude g r e a t e r  than the 
o t h e r  ankle  motions s o  t h a t  d i r e c t  effects of t h e  o t h e r  
motions t o  the  s t e p  t r a n s i e n t  are n e g l i g i b l e .  One-half 
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degree s t e p s  a r e  used. Sub jec t s  s t a n d  q u i e t l y  under t h e  
fol lowing t e s t  cond i t ions  : 
1. re laxed  on r i g i d  platform: eyes c losed  
2. r i g i d  p la t form;  v i s u a l  d i s p l a y  of e B ,  lo = 6 c e n t i -  
meters 
3 .  r i g i d  p la t form;  eyes open: t r y  t o  minimize sway 
4. smal l  random low frequency p l a t fo rm r o t a t i o n s ;  
eyes  open 
5. sma l l  random l o w  frequency p l a t fo rm r o t a t i o n s  : 
eyes c losed  
6 .  p l a t fo rm i s  servoed t o  maintain zero  ankle  angle ;  
eyes open 
7. p l a t fo rm is  servoed t o  maintain zero  ankle  angle ;  
eyes  c losed  
The random appearing p l a t fo rm d i s tu rbances  a r e  composed 
0.f s i x  s i n u s o i d s  : 
Radians p e r  Second 
0 . 1  
0.15 
0 . 2 1  
0.29 
0.33 
0 .61  
AMP 
1' 
1' 
1" 
0.5" 
0.5' 
0.5O 
Maximum amplitude of t h e  composite s i g n a l  never  exceeds 
- 1 2 O .  The f r equenc ie s  w e r e  chosen t o  be  w e l l  w i t h i n  t h e  
range of normally occur r ing  p o s t u r a l  responses .  (See 
s e c t i o n  5.2 f o r  frequency response d a t a .  1 
EXTENSION 
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3.2.3 R e s u l t s  and Conclusions 
A l l  s u b j e c t s  c l e a r l y  demonstrate adap ta t ion  of t h e  
r e f l e x  ga in  i n  response t o  changes i n  pos tu re  c o n t r o l  
cond i t ions .  Composite g a i n  histograms f o r  each of t h e  
e i g h t  experimental  cond i t ions  a r e  shown i n  Figure 3.17 e 
Sub jec t s  a r e  a b l e  t o  i n c r e a s e  r e f l e x  ga in  when asked 
t o  e x e r t  s p e c i a l  e f f o r t  t o  minimize sway. They a l l  r epor t -  
e d ,  however, t h a t  t h i s  cond i t ion  was q u i t e  uncomfortable if 
maintained f o r  more than  a f e w  minutes. 
When given a h igh  s e n s i t i v i t y  v i s u a l  d i sp l ay  of body 
o r i e n t a t i o n  wi th  r e s p e c t  t o  v e r t i c a l ,  t h e i r  r e f l e x  ga in  
decrease  only s l i g h t l y  compared t o  normal g a i n ,  while  t h e i r  
a b i l i t y  t o  reduce body sway inc reased  s i g n i f i c a n t l y .  Sub- 
jects r epor t ed  t h a t  t h i s  cond i t ion  t o o  was t i r i n g  a f t e r  
s e v e r a l  minutes.  
When sma l l  random d i s tu rbances  a r e  in t roduced ,  average 
r e f l e x  ga in  decreases  t o  n e a r l y  one-half t he  "normal" (eyes  
open o r  eyes c losed ,  s t and ing  on a r i g i d  s u r f a c e )  ga in .  
I n  this case t h e  d i s t r i b u t i o n  of r e f l e x  g a i n s ,  r a t h e r  than  
be ing  " b e l l "  shaped i s  more broadly d i s t r i b u t e d .  These 
r e s u l t s  sugges t  t h a t  t h e  random d i s tu rbances  cause suppres- 
s i o n  of r e f l e x  c o n t r o l  a s i g n i f i c a n t  p a r t  o f  t h e  t i m e ,  
s i n c e  about 30 p e r  c e n t  of t he  r e f l e x  responses are a t  o r  
nea r  zero  ga in .  
When t h e  r e f l e x  p o s i t i o n  feedback loop i s  f u l l y  sup- 
pressed  by main ta in ing  ze ro  ankle  angle  w i t h  p l a t fo rm r o t a -  
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t i o n s  , suppress ion  of ref l e x  c o n t r o l  i s  nea r ly  complete e 
About 65 p e r  c e n t  of t h e  r e f l e x  responses are a t  o r  nea r  
zero  ga in .  
E l imina t ion  of v i s u a l  feedback has  l i t t l e  e f f e c t  on 
r e f l e x  c o n t r o l  s t r a t e g y  under any of t h e  t e s t e d  condi t ions .  
A l l  runs i d e n t i c a l  f o r  eyes  open o r  eyes closed showed no 
s i g n i f i c a n t  changes i n  t h e  d i s t r i b u t i o n  of r e f l e x  ga ins .  
According t o  s u b j e c t s  ' r e p o r t s ,  i nc reased  u t i l i z a t i o n  
of e i ther  r e f l e x  (when t r y i n g  t o  minimize sway) o r  h ighe r  
c e n t e r  (when c o n t r o l l i n g  w i t h  h ighly  s e n s i t i v e  v i s u a l  feed- 
back d i s p l a y )  c o n t r o l  r e s u l t s  i n  r a p i d  subject f a t i g u e .  An 
"optimal" combination of t h e s e  two types o f  feedback dur ing  
normal p o s t u r a l  c o n t r o l  i s  thus  i n d i c a t e d .  
The a v a i l a b i l i t y  of t h e  suppor t ing  s u r f a c e  f o r  body and 
i n e r t i a l  r e f e rence  information determines t h e  r e f l e x  ga in  
s e t t i n g .  Reflex g a i n  i s  reduced as t h e  r e f l e x  c o n t r o l  loop 
becomes a less effect ive mode of s t a b i l i z a t i o n .  Changes i n  
t h e  s t a t e  of h ighe r  c e n t e r  feedback senso r s  ( i .e .  eyes open 
or  eyes closed) s e e m  t o  have a much smaller e f f e c t  on the  
s t r a t e g y  f o r  r e f l e x  ga in  s e t t i n g .  
Reflex s t r a t e g y  i s  i n t e g r a t e d  i n t o  the complete 
pos ture  c o n t r o l  mode after development of t h e  h i g h e r  c e n t e r  
c o n t r o l  models i n  Chapters 4 and 5. 
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CHAPTER 4 
THE VESTIBULAR SENSES 
The ves t ibu la r  organs ,  t h e  u t r i c l e s ,  t h e  s a c c u l e s ,  
and t h e  s e m i c i r c u l a r  cana ls  are t h e  prime motion 
sensors i n  t h e  human. V e s t i b u l a r  cues c o n t r i b u t e  impor- 
t a n t  sensory information f o r  t h e  r e g u l a t i o n  of  pos tu re .  
I n  a series of exDeriments observing pos tu re  c o n t r o l  
i n  human sub jec t s ,  a l l  sensory informat ion  r e l a t i v e  t o  
p o s t u r a l  o r i e n t a t i o n  b u t  t h a t  from t h e  v e s t i b u l a r  system 
i s  e l imina ted .  R e s u l t s  demonstrate s p e c i f i c  r e g u l a t i n g  
func t ions  fo r  t h e  l i n e a r  motion s e n s o r s ,  t h e  u t r i c l e  
o t o l i t h s ,  and t h e  angular  motion s e n s o r s ,  t h e  s e m i c i r c u l a r  
cana ls .  
A s  t h e  body begins  t o  f a l l  I t h e  semic i r cu la r  cana ls  
detect  t h i s  motion and i n i t i a t e  c o r r e c t i v e  p o s t u r a l  responses a 
The s e m i c i r c u l a r  cana l  feedback loop i s  unable ,  however, t o  
detect or s t a b i l i z e  very low frequency d r i f t .  
The l i n e a r  motion senso r s  provide e x c e l l e n t  s teady  s t a t e  
and very l o w  frequencv body angle  informat ion ,  c o r r e c t i n g  
t h e  l o w  frequency d r i f t  of t h e  cana l  feedback loop. Analysis  
of l i n e a r  motion s t i m u l a t i o n  du r ing  body sway shows an 
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ambiquity i n  t h e  s i g n  of t h e  i n p u t  a t  h ighe r  f requencies  
due t o  t h e  i n t e r a c t i o n  of g r a v i t a t i o n a l  and l i n e a r  accel- 
e r a t i o n  s t i m u l i .  
A model i s  develoPed which accu ra t e ly  desc r ibes  
these v e s t i b u l a r  r egu la to ry  processes. 
4 . 1  The V e s t i b u l a r  System, Response C h a r a c t e r i s t i c s  
The p h y s i o l o w  of t h e  v e s t i b u l a r  s e n s o r s ,  t h e  u t r i c l e s ,  
t h e  s a c c u l e s ,  and t h e  semic i r cu la r  cana l s  i s  presented  i n  
Chapter 2 .  A review of r e c e n t  d a t a  on t h e  input-output  
character is t ics  of t h e s e  senso r s  fol lows.  
Meiry (83 )  analyzes  t h e  v e s t i b u l a r  organs i n  d e t a i l  
by us ing  s i n u s o i d a l l y  varying l i n e a r  and angular  s t i m u l i  
on human subjects whose s u b j e c t i v e  responses are then  
measured. H e  shows t h a t  t h e  s e m i c i r c u l a r  cana ls  func t ion  
as angular  accelerometers wi th  i n p u t  axes f i x e d  t o  t h e  
head. Iiesponse c h a r a c t e r i s t i c s  are second o r d e r  and heav i ly  
damped; hence,  ou tpu t  i s  p r o p o r t i o n a l  t o  angular  v e l o c i t y  
over t h e  ranqe of i n p u t  f requencies  between 0.15 and about 
1 0  r ad ians  p e r  second. Meiry r e p o r t s  t h a t  a s u b j e c t i v e  
th re sho ld  t o  pe rcep t ion  of angular  a c c e l e r a t i o n s  about t h e  
r o l l  and p i t c h  axes i s  about 0.5O/sec2, w i th  a r a t h e r  sha rp  
s e p a r a t i o n  between s e n s a t i o n  and a lack of it. Sub jec t ive  
th re sho ld  i n  yaw i s  s i g n i f i c a n t l y  less, averaging 0.  140/sec2. 
Young e t  a l .  (112) show t h a t  t h e  l i n e a r  motion sensors  
i n  t h e  h o r i z o n t a l  p l ane ,  gene ra l ly  b e l i e v e d  t o  be t h e  
u t r i c l e  o t o l i t h s ,  are accelerometers wi th  overdamped, second 
i 
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order characteristics. Output sensation indicates both 
linear velocity and orientation with respect to gravity. 
Meiry (83) estimates a linear acceleration threshold of 
O.O05g, equivalent to a 0.30 degree threshold for sub- 
8 
jective orientation. 
Angular acceleration threshold values for the semi- 
circular canals reported in the literature vary over a 
wide range. Clark and Stewart (17) find detection of 
steady state angular accelerations with the oculogyral 
illusion at values ranging from 0.04 to 0.28/sec . The 2 
illusion does not involve a direct sensation of movement, 
rather the subject, seated fn a dark enclosure during 
.angular acceleration, perceives movement of a light spot 
which is actually fixed with respect to him. The illusion 
of movement is believed to be caused by the action of 
canal output responses on the visual system. Their results 
show that canal responses influence visual sensation at 
levels of angular acceleration significantly below the 
levels which can be detected subjectively. 
Clark and Stewart also test subjective threshold for 
perception of pitch axis accelerations in normal human 
subjects. Average threshold is 0.67O/sec ; intersubject 
variability, however, is very high, ranging from 0.06 to 
2,24O/sec . Other investigators cited by them report sub- 
jective thresholds which vary over a wide range: Hilding 
(52), 0,25 to 3.0°/sec2, Groen et al. 
2 
2 
2 ( 4 6 ) ,  0,28 to 2,0°/sec 
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While descriptions of semicircular canal and utricle 
otolith dynamics are reasonably accurate, there is a large 
uncertainty in the observed values of the angular acceler- 
ation threshold of the semicircular canals. Present data 
indicate that canal angular acceleration threshold varies 
0 
I 
with input axis and is heavily dependent on the response 
modality, subjective, ocular, etc. Posture control repre- 
sents one of the primary functions of the pitch and roll 
axis motion sensors; therefore, posture responses to 
vestibular stimulation should presumably be sensitive 
indicators of the vestibular response thresholds. 
4.2 Vestibular Stimulation by Body Angle Motion 
Angular acceleration of a rigid human body about the 
ankle joints is directly equivalent to the accelerating 
input to the pitch axis semicircular canals. Since the 
posture control model to be developed here considers only 
quiet standing during which the upper body remains relatively 
rigid, equivalence of body angle acceleration and pitch 
axis angular accelerations may be assumed. 
Stimulation of the utricle otolith organs by body sway 
motions is considerably more complex since both gravita- 
tional 
During 
tional 
act in 
and linear acceleration reaction forces act as inputs. 
uncontrolled sway divergence of the body, gravita- 
(f ) and tangential acceleration reaction force (f ) g t 
opposite directions. 
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C E N T E R  OF 
G R A V I T Y  
--ANKLE J O  
Figure 4.1 The Body and its Sway Dynamics 
.. 
INT 
where 
= reaction torque about the ankle joint 
TA 'L OB = sin 0 small angle approximation B ,  
The net reaction force on the otolith during free fall 
Because the utricle otolith organs are located well 
above the center of mass of the body, the net reaction 
force on the otolith is negative during free-fall sway 
divergence of the body, (i.e., it is opposite to the force 
on the otolith due to gravity alone). 
with partial resistance from postural responses, the net 
force acting on the otolith may be negative, zero, or 
positive depending on the intensity of postural resistance, 
If the body diverges 
Recalling that reflex responses oppose body sway with a 
torque roughly proportional to angular deflection of the 
ankle joint, the following relations demonstrate the am- 
biguity of the sign of the linear motion sensor: 
TA = -K BB 
mBghcgd 0 + ””) 
IB IB 
( 4 . 3 )  
( 4 . 4 )  
Using body parameter values derived in Appendix A, we find 
that: 
fo > 0 if K > 4 ft-lb/degree 
fo < 0 if K < 4 ft-lb/degree 
During stabilizing postural responses, body angle is 
accelerating towards zero angle, tangential and gravita- 
tional forces on the otolith are always of the same sign. 
Experiments described in the following section bzuce 
postural sway by displacing the experimental platform in 
either a forward or backwards direction at constant 
velocity. The subsequent analysis establishes the effect 
of these lateral displacements on the body sway motions 
and vestibular sensor stimulation. 
Figure 4.2 illustrates the mode in which body angle 
motion is induced by the platform and defines the variables 
to be used in the analysis. Equations relating linear 
motion of the center of mass to linear and angular motion 
at the ankle joints are as follows: 
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FIGURE 4 . 2  POSTURAL SWAY INDUCED BY LATERAL 
DEFLECTION OF THE PLATFORM 
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XA = x cq + hcq 'B 
XA = x ca '- hca 'B 
.. w .. 
A h o r i z o n t a l  force a c t i n g  a t  t h e  ankle  j o i n t  has t h e  
e f f e c t s :  
Combining r e s u l t s  of (4 .6 )  I (4.7) and ( 4 . 8 ) :  
.. - -  FA 
'A ME0 ' "EQ 2 = [mB + - )  ICCl 
hcCl 
(4.7) 
(4.8) 
(4 .9 )  
Given an a c c e l e r a t i o n  imDulse, '7 u (t), such t h a t  
X ( 0  ) = V a l  t h e  momentum d e l i v e r e d  t o  t h e  bot37 at t h e  
ankle  j o i n t s  becomes : 
a 1  
+ 
a 
PA = ?4EQ"A (4.10) 
The a c c e l e r a t i o n  impulse a t  t h e  c e n t e r  of mass i s :  
.. P A -  'Xr4EQ x u1 (t) = - - 
cg mB mB 
(4.11) 
E f f e c t s  of t h e  a c c e l e r a t i o n  impulse on s e m i c i r c u l a r  cana l  
an6 u t r i c l e  o t o l i t h  s t i m u l a t i o n  are: 
(4.12) T7A 
cg [1 - m B  ) 
.. 
eB u1 (t) = 
(4 a 1 3 )  0 
.. d 
xo u (t) = VA (1 - h 
B 1 m cg 
So long as t h e  p la t form cont inues a t  cons t an t  v e l o c i t y  
a f t e r  t h e  i n i t i a l  a c c e l e r a t i o n  impul.;e, no f u r t h e r  l a t e r a l  
8 3  
fo rces  ac t  between t h e  body and t h e  p la t form.  Only gravi -  
t a t i o n a l  torque acts t o  induce f u r t h e r  angular  a c c e l e r a t i o n s .  
4 . 3  P o s t u r a l  Responses t o  V e s t i b u l a r  S t imula t ion  
4 . 3 . 1  Methods 
The s u b j e c t  s t a n d s  r e l axed  on t h e  experimental  p la t form.  
Sway i s  induced us ing  s n a l l  forward o r  backward p la t form 
displacements a t  cons t an t  v e l o c i t y ,  in t roduced  by t h e  
exnerimenter when t h e  s u b j e c t  shows no movement. T h e  
p l a t fo rm d i s tu rbance  induces a step chanqe i n  body angular  
v e l o c i t y .  
E l imina t ion  o f  a l l  o t h e r  modes of sensory feedback 
i s  necessary t o  i n s u r e  t h a t  p o s t u r a l  responses  t o  t h e  
induced! sway are v e s t i b u l a r  i n  o r i n i n .  To remove r e f l e x  
responses and k i n e s t h e t i c  cues ,  t h e  p l a t fo rm i s  rotated 
t o  t r a c k  t h e  motions of t h e  bodv; t h u s ,  maintaining an ankle  
anole  of zero. Nul l ing  ankle  angle  dur ing  bodv angle  
motion e f f e c t i v e l y  opens t h e  r e f l e x  Dosi t ion  feedback loop 
b u t  does n o t  i n t e r f e r e  wi th  t h e  s u b j e c t ' s  a b i l i t y  t o  gener- 
a te  isometric ankle  c o n t r o l  to rques .  Removal of r e f l e x  
feedback a l so  e l i m i n a t e s  any advanced ex te reocep t ive  cues.  
(This p o i n t  i s  more c l e a r l v  exDlained i n  s e c t i o n  5.1.  
Subjec ts  are t e s t e d  wi th  eyes onen and eyes c losed  t o  
determine e f f e c t s  of v i s u a l  cues on v e s t i b u l a r  d e t e c t i o n  
of  body sway. 
The hybr id  cornouter program, T e s t ,  r ecords  ankle  
r e a c t i o n  torque and body anole  on d i c r i t a l  t ane  dur ing  each 
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response sammsle ( the  D r o u r a m  i s  p resen ted  i n  ApDendix C) e 
Each run c o n s i s t s  of 1 6  samplings of t h e  induced sway 
resDonse th re sho ld .  Induced sway rates range f r o m  9 . 1 5  t o  
3.O0/sec. 
4 . 3 . 2  Tesu l t s  
F iqure  4 . 3  shows t y p i c a l  p o s t u r a l  responses t o  r a p i d  
and t o  slow induced body motion s t i m u l i .  3esponses a r e  
characterized by an i n i t i a l  pe r iod  dur inq  which the body 
ana le  beqins  t o  i n c r e a s e  wh i l e  t he  ankle  torque  remains 
unchanqed. When the  motion i s  detected by the  v e s t i b u l a r  
s e n s o r s ,  ankle  r e a c t i o n  torque  increases raDidly ,  r e t u r n i n ?  
the  body t o  a stable p o s i t i o n .  Threshold of t h e  v e s t i b u l a r  
feedback senso r s  i s  def ined  i n  terms of the t i m e  a f t e r  
i n i t i a t i o n  of motion a t  which t h e  ankle  torque  l e v e l  has 
inc reased  0 . 2 5  f o o t  pounds above i t s  i n i t i a l  l e v e l .  
Because subject.; tend  t o  o s c i l l a t e  almost cont inuously 
when t h e i r  eyes  are closed and r e f l e x  and k i n e s t h e t i c  feed.- 
back i s  removed, an a c c u r a t e  v e s t i b u l a r  t h re sho ld  func t ion  
could n o t  be determined f o r  t h i s  cond i t ion .  I n s t e a d ,  sub- 
jects a r e  tested w i t h  eyes c losed  when the  p la t form i s  
r o t a t e d  t o  t r a c k  only t h e  induced comDonent of body angle  
motion. T o  show t h a t  t h i s  method does n o t  i n t roduce  s i g n i -  
f i c a n t  r e f l e x  and k i n e s t h e t i c  cues ,  a s i m i l a r  t e s t  i s  made 
with eyes open and t h e  r e s u l t s  compared t o  those  i n  which 
a l l  ankle  angle  motion i s  removed. 
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4 . 3 . 3  Conclusions - t h e  V e s t i b u l a r  Yodel 
Threshold c h a r a c t e r i s t i c s  f o r  forward and f o r  back- 
ward sway are i d e n t i c a l .  Var i a t ions  among t h e  subjects 
and amonq t h e  t h r e e  test condi t ions  are s t a t i s t i c a l l y  
i n s i g n i f i c a n t ,  p>O. 1 f o r  a l l  s a m D l e s  - C o m D o s i t e  t h re sho ld  
func t ions  f o r  t h e  t h r e e  tes t  condi t ions  are comnared t o  
t h e  s e n i c i r c u l a r  cana l  model t h re sho ld  c h a r a c t e r i s t i c s  i n  
Fiqure 4.4 e The fol lowing s e m i c i r c u l a r  cana l  model p r e d i c t s  
t h e  observed th re sho ld  characteris tics over t h e  complete 
ranTe of induced swav rates : 
DYNAMICS THRESHOLD DELAY 
FIGURE 4 . 5  THE SEMICIRCULAR CANAL MODEL 
Linear  dvnanic c h a r a c t e r i s t i c s  of t h e  s e m i c i r c u l a r  
cana l  model compare c l o s e l y  w i t h  Meiry's  caniil model. The 
a d d i t i o n  of a very s m a l l  lead t e r m  i s  necessary t o  p r e d i c t  
t h e  minimum response t i m e  characteris t i c s  f o r  l a r g e  impulsive 
i n p u t s .  T h i s  t e r m  has  no effect  on th re sho ld  response 
p r o p e r t i e s  w i t h i n  t h e  dynamic ranqe of normal body angle  
moti.ons e 
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N e w  va lues  are de r ived  f o r  the  p i t c h  s e m i c i r c u l a r  
cana l  a c c e l e r a t i o n  th re sho ld  and response t ransmiss ion  
t i m e  delay.  The 0.05'/sec2 a c c e l e r a t i o n  th re sho ld  i s  
considerably less than  those  observed wi th  su5 j e c t i v e  
r e p o r t s .  The fo l lowina  arquments are posed t o  account 
f o r  t h e  wide d i sDar i ty  between s u b j e c t i v e  and nos tu re  
response th re sho lds .  
911 methods of measuring cana l  responses s h o r t  of 
di rec t  e i g h t h  nerve measurements n e c e s s a r i l y  in t roduce  
characterist ics of a d d i t i o n a l  n e u r a l  elements b e t ~ ~ ~ e e n  t h e  
o r i a i n a l  s e n s a t i o n  and t h e  observed response.  Character-  
i s t i c s  of these a d d i t i o n a l  elements varv w i t h  t h e  modality 
of measured. response,  and mav a l s o  be  affected bv other  
s t a t e s  w i t h i n  t h e  svstem. A case i n  p o i n t  i s  t h e  large 
d i f f e r e n c e  i n  Stewart and C l a r k l s  d a t a  r e p o r t i n q  vaw a x i s  
s u b j e c t i v e  and oculoqvra l  i l l u s i o n  th re sho lds .  
Yemelyanov e t  a l .  (110 ) r e p o r t  ". . . t h a t  while  ba lanc inq  
h imse l f  a man's v e s t i b u l a r  s e n s i t i v i t y  th re sho lds  decrease  
two- or  th ree - fo ld . .  ." The i r  observa t ions  show how t h e  t a s k  
a t  hand l a r g e l y  determines t h e  characterist ics of t h e  i n t e r -  
mediate  elements between v e s t i b u l a r  ou tput  and measured 
response.  
P o s t u r a l  responses  appear t o  r e s u l t  f r o m  r e l a t i v e l y  
d i r e c t  counlincr w i t h  v e s t i b u l a r  ou tpu t  e Threshold va lues  
measured by t h e  au thor  are among t h e  lowest observed and 
are c o n s i s t e n t  f r o m  t r i a l  t o  t r i a l  and s u b j e c t  t o  s u b j e c t .  
Responses are measured dur ing  active c o n t r o l  of Dosture 
which, according t o  Yernelvanov e t  a l e ,  a f f o r d s  a minimum 
of i n t e r f e r e n c e  f r o m  in t e rmed ia t e  elements.  The sho r t  
response de lay  t i m e ,  225 mi l l i s econds ,  f u r t h e r  substan-  
t i a t e s  t h a t  p o s t u r a l  responses  are i n i t i a t e d  w i t h  l i t t l e  
in t e rmed ia t e  i n t e r f e r e n c e .  
L o w e s t  c ana l  threshold.  va lues  have been found by o ther  
i n v e s t i g a t o r s  f o r  anqular  a c c e l e r a t i o n  about t h e  vaw a x i s .  
Considering t h e i r  measurement techniques ,  s u b j e c t i v e  and 
oculogyra l  i l l u s i o n ,  t h i s  conclusion might be expected. 
Voluntarv head and eve movements are predominantly w i t h i n  
t h e  h o r i z o n t a l  p lane ;  hence,  t h e  close f u n c t i o n a l  l i n k  
between t h e  yaw s e n s i t i v e  cana l s  and s u b j e c t i v e  and ocular  
responses .  On t h e  o t h e r  hand, r o l l  and p i t c h  are t h e  
c r i t i c a l  axes i n  t h e  c o n t r o l  of pos ture .  Pos ture  responses ,  
t h e r e f o r e ,  should show close coupl ing wi th  p i t c h  and r o l l  
motion sensa t ions  e 
T h e  induced sway exDeriments add no d e t a i l  t o  t h e  
character is t ics  of t h e  l i n e a r  a c c e l e r a t i o n  senso r s ,  t h e  
u t r i c l e  o t o l i t h s ,  given by Young and Meiry. T h i s  model, 
Figure 4 . 6 , w i l l  be used i n  f u t u r e  ana lyses .  
BY S 
Fiau re  4 . 6  The Ut r ic le  O t o l i t h  Model 
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A hybr id  comnuter model f o r  t h e  s e m i c i r c u l a r  cana l  
and u t r i c l e  o t o l i t h  dynamics i s  develoned i n  zlnnendix D.  
Threshold response c h a r a c t e r i s t i c s  f o r  d e t e c t i o n  of body 
angle  dur ing  f ree-fal l  divergence are determined f o r  each 
sensor.  F igure  4 . 7  shows t h e  body ancrle a t  whic3 sway 
i s  f i r s t  d e t e c t e d  as a func t ion  of t h e  i n i t i a l  body o f f s e t  
angler eb (0 ) ,  where 0,(0)=0 and 0 d O ) = O .  Data n o i n t s  shown i n  
t h e  i g u r e  are r e s u l t s  of hodv anqle  th re sho ld  d e t e c t i o n  
exneriments desc r ibed  i n  s e c t i o n s  4.4 and 5 .2 .  
Linear  motion senso r s  probably play no role i n  the detection 
of n o s t u r a l  responses  dur inq  f ree- fa l l  divergence. Simula- 
t i o n  of t h e  o t o l i t h  dvnamic model i n d i c a t e s  t h a t  t h e  l i n e a r  
a c c e l e r a t i o n  th re sho ld  must be an order  of magnitude less 
than t h e  lowest va lues  r epor t ed  i n  t h e  l i t e r a t u r e ,  even i n  
t h e  l i m i t ,  as t h e  i n i t i a l  body angle  o f f s e t  amnlitude 
approaches zero. The u t r i c l e  o t o l i t h  orqan th re sho ld  i s  
s u f f i c i e n t  t o  account f o r  observed response th re sho ld  
l e v e l s  o n l y  i n  t h e  s t a t i c  or  near ly  s t a t i c  range, s i n c e  
t h e  body f ree- fa l l  divergence ra te  (wB = 3 r/sec) i s  f a s t  
compared t o  t h e  very s l o w  dynamics of t h e  o t o l i t h  organs.  
T h e  role of l i n e a r  and angular  a c c e l e r a t i o n  cues i n  
pos tu re  r e g u l a t i o n  are made clear by observing t h e  frequency 
ranges a t  which each comnonent of t h e  v e s t i b u l a r  anparatus  
i s  m o s t  e f f e c t i v e  i n  resDonding t o  s i n u s o i d a l  Dos tura l  
sway. Fiqure 4.8 shows t h e  s i n u s o i d a l  body angle  amplitude 
necessary j u s t  t o  achieve d e t e c t i o n  of  motion as  a func t ion  
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9 4  
of sway frequency. N o t e  t h e  clear s e p a r a t i o n  of t h e  
f u n c t i o n a l  frequency ranqe f o r  each senso r .  The th re sho lds  
for  each senso r  w i t h i n  i t s  frequency range of maximum 
s e n s i t i v i t y  are approximately t h e  same. 
The poor response c h a r a c t e r i s t i c s  of t h e  u t r i c l e  
o t o l i t h  orqans ,  which exclude from D a r t i c i p a t i n q  i n  t h e  
d e t e c t i o n  of D o s t u r a l  responses  is no t  s u r p r i s i n g .  Funct ional  
arguments sunpor t  t h e s e  r e s u l t s .  S ince  l i n e a r  motion 
stirnulus i s  ambicruous dur ing  body anqle  divergence,  t h e  
e x t r a  nrocessincr necessary t o  resolve the  sensory artbiquity 
makes t h e  u t r i c l e  o t o l i t h  an u n l i k e l y  candida te  f o r  i n i t i a t -  
i n g  s h o r t  de lay  p o s t u r a l  responses .  Low pass  f i l t e r i n g  
of u t r i c l e  o t o l i t h  resoonse resolves t h i s  a d i g u i t y  q u i t e  
e f f e c t i v e l y  s i n c e  t h e  s i g n  r e v e r s a l  occurs  only a t  h ighe r  
f requencies .  T h e  low frequencv o t o l i t h  o u t m t  i s  an 
e x c e l l e n t  e s t i n a t e  of average o r i e n t a t i o n  wi th  r e s p e c t  t o  
g r a v i t y  . 
4 . 4  P o s t u r a l  R e y l a t i o n  w i t h  V e s t i b u l a r  Feedback 
Pos ture  c o n t r o l  wi th  v e s t i b u l a r  fee&ack alone i s  
observed. Sub jec t s  s t a n d  wi th  eves closed on t h e  exper i -  
mental platform.  Ankle angle  i s  maintained a t  zero by 
r o t a t i n q  the  Dlatform t o  t r a c k  bodv angle  motion, Ankle 
r e a c t i o n  torque and body anqle  a r e  recorded cont inuously.  
A t y p i c a l  response sequence, shown i n  F igure  4 . 9 ,  i s  
composed of t h e  fol lowinq staqes: 
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FIGURE 4 . 9  T Y P I C A L  BODY ANGLE AND ANKLE TORqUE RESPONSE 
SEQUENCES DURING VESTIBULAR REGULATION OF 
POSTURE 
9 6  
1. 
2. 
3 .  
4. 
stable period with no movement lasting several 
seconds 
sway divergence begins 
threshold,is reached; ankle torque increases to 
restabilize body 
one or several oscillations occur before quiet 
standing is re-established. 
Ten of these response sequences are averaged for each 
subject, Figure 4.10, to determine transient response 
properties of the vestibular posture control loop. 
Transients to be averaged are lined up with one another 
by defining time zero as one second before initiation of 
the torque response. Only changes in angle and torque are 
considered, both 9,(0) and T (0) are defined as zero. A 
Transients are averaged only for a five second interval 
because beyond this time other factors begin to cause wide 
differences among the responses. 
The transient response patterns are consistent among 
subjects. Average canal threshold is 0.36'. Variations 
among subjects are insignificant, p > 0.1. On the average 
subjects diverge about 0.5O in the first second, equivalent 
to an average of 0.05' initial body angle error. Referring 
to Figure 4.7, actual divergence canal responses show 
close correlation with those of the simulated canal mode. 
4.5 Postural Regulation with Vestibular Feedback -- A Model 
The inverted pendulum configuration of the human body 
is stabilized with a combination of body angle and body 
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angle rate feedback. Two modes of vestibular sensation 
provide dynamic feedback information of body angle. The 
semicircular canals provide a good estimate of sway rate 
for frequencies above 0.1 Hz, while the otoliths indicate 
sway angle below 0.1 Hz. Because of frequency response 
limitations of each sensor, the canal feedback control 
loop is unable to respond to rapid sway divergence. Thus, 
stability can only be attained through the combination of 
two frequency selective feedback loops, each of which in 
isolation is unable to provide stability. 
In the proposed vestibular control model, the canal 
output, body angle rate, is used for an initial estimate 
of both body angle rate and, through neural integration, 
body angle. The low frequency utricle otolith estimate 
of body angle updates the initial canal estimate. The 
model configuration is shown in Figure 4.11. 
" r  
Several comments about the configuration of the model 
relevant to physiology are in order. The threshold charac- 
teristics of the -semi&rcular canal model which best predicts 
postural responses to detection of sway features a step in 
output'at the time of detection, This small step might be 
interpreted as an initially high sensitivity in the loop 
which habituates rapidly after the onset of the postural 
response. Predicted response characteristics of the model 
are insensitive to the type of otolith threshold, 
Neural compensation of semicircular canal feedback 
includes a pure integration. Most likely, the physiological 
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, rather than a K KS + mechanism is a lag of the form 
pure integration. In this case otolith feedback would not 
only effect static stability but a lso  would serve to "re- 
set" the neural "integration" in canal feedback loop. 
The goal of the vestibular control model is to 
predict the response characteristics of a single cycle in 
the regulation process. Discrete response characteristics 
of the complete body-motor sensory model are shown in 
Figure 4.12. The presence of canal feedback alone shows 
the expected low frequency divergence. Stability is 
achieved when utricle otolith feedback is included to 
correct this. Note that the simulation results can be 
compared to actual responses only during the first cycle, 
since no provision is made in the model to "reset" the 
vestibular .thresholds. 
4.6 Conclusions 
If indeed the vestibular system has evolved primarily 
as a posture regulatory device, the preceeding analysis 
has shown it to be well adapted to perform that function. 
A high sensitivity to sway is achieved over the entire 
range of postural motion frequencies using two frequency 
selective sensors, Figure 4.8. 
Orientation with respect to the gravitational field 
(vertical) is best measured with a linear accelerometer. 
Hence, the evolution of utricle otolith type organs in 
all including the most primitive forms of animal life which 
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have a preferred orientation with respect to vertical. 
In higher forms of animal life, complex locomotion 
has necessitated more sophisticated modes of orientation. 
Rapid maneuverability requires bodies that are inherently 
less stable. The resulting rapid angular motions cause 
conflicts between linear acceleration and gravitational 
stimuli (section 4.2) e 
To eliminate sensory ambiguities, higher animal forms 
have evolved angular motion sensors, restricting the linear 
motion sense to very low frequencies. The angular motion 
sensors provide unambiguous motion sensation, but their 
static sensitivity is poor. In combination, utricle oto- 
lith and semicircular canals provide the complete spectrum 
of unambiguous motion information. 
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CHAPTEI? 5 
VISUAL AND EXTEROCEPTI\7l3 SENSES 
q e n e r a l  model5 f o r  v i s u a l  and e x t e r o c e p t i v e  feedback 
a r e  developed which i n d i c a t e  t h e  ways t h a t  these senses 
modifv v e s t i b u l a r  responses .  Analysis  i s  l i m i t e d  t o  
more qene ra l  models f o r  the  fol lowing reasons:  
1. I n  normal s u b j e c t s  v i s u a l  and e x t e r o c e p t i v e  re- 
sponses cannot be observed i n  i s o l a t i o n .  
2.  P re sen t  physiology does n o t  permi t  cons t ruc t ion  
of d e t a i l e d  models of t h e  v i s u a l  and ex terocept ive  
senses .  
Visua l  and ex terocept ive  Erses are shown t o  be func t ion-  
a l l y  sepa rab le  i n  t he  same Fanner a s  t h e  s e p a r a t i o n  found 
between t h e  o t o l i t h  and s e n i c i r c u l a r  cana l  s enso r s .  Exterocep- 
t i v e  cues e x h i b i t  a very low body angle  th re sho ld  ( 0 . 1 2 " )  
b u t  have l i t t l e  effect  on slow phase c o r r e c t i o n .  The hiqh 
angular  r e s o l u t i o n  of v i s i o n  i s  l i m i t e d  t o  t h e  low fre- 
quencies  ( <  0 . 1  CPS) dur ing  slow phase c o r r e c t i o n .  
5 .1  Function of- es 
Exterpcept ive  cues a r e  Provided by ankle  j o i n t  r o t a t i o n  
and by changes i n  t h e  d i s t r i b u t i o n  of p r e s s u r e s  w i t h i n  t h e  
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f o o t  and lower lese  Vision d e t e c t s  r e l a t i v e  o r i e n t a t i o n  
of t h e  body w i t h  r e s p e c t  t o  surrounding o b j e c t s  e 
Ekterocept ive cues a r e  s t r o n q l y  dependent on t h e  q u a l i t y  
of t h e  s w p o r t i n q  s u r f a c e  and on r e f l e x  loop and h ighe r  
c e n t e r  responses.  A r i g i d  suppor t ing  s u r f a c e  is  r equ i r ed  
fo r  t h e  ankle  angle  r ecep to r s  unambiquously t o  sense  body 
motion. Deep p r e s s u r e  s e n s a t i o n  i s  considerably more 
complex, s i n c e  changes i n  muscle t ens ion  are t h e  primary 
mode of s t i rnu la t inq  these r e c e p t o r s .  F ree - fa l l i nq  body 
motions, causing changes i n  t e n s i o n  due t o  muscle and 
r e f l e x  responses ,  a c t i v a t e  deep n r e s s u r e  sensors .  A f t e r  
t h e  i n i t i a t i o n  of h ighe r  c e n t e r  responses ,  deep p r e s s u r e  
feedback information i s  p r i n a r i l y  redundant e f f e r e n t  
feedback. 
Phys io log ica l  d e s c r i p t i o n s  of ex te rocep t ive  and v i s u a l  
senses  are t o o  comnlex t o  allow input-output  mod.elling of 
t h e s e  processes. Mode l s  of these feedback sensors  n u s t  
therefore be  l i m i t e d  t o  m o r e  creneral f u n c t i o n a l  d e s c r i p t i o n s .  
S a f f i n i ' s  end organs are t h e  p r i n a r v  r ecep to r s  of 
j o i n t  angula t ion .  Each j o i n t  con ta ins  a l a r g e  number of 
r e c e p t o r s ,  each resDondin9 i n  p ropor t ion  t o  j o i n t  anqle  and 
ancrular ra te  e Angular in format ion  i s  t raDsmit ted both as  
frequency and s p a t i a l  d i s t r i b u t i o n s  e 
N o  q u a n t i t a t i v e  d a t a  are a v a i l a b l e  t o  i n d i c a t e  t h e  
r e s o l u t i o n  or  dvnamic character is t ics  of deep p res su re  sen- 
s a t i o n  e Recordings from s i n q l e  p r e s s u r e  r ecep to r s  s$ow 
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t h a t  e x c i t a t i o n  i s  p r imar i ly  s e n s a t i v e  t o  changes i n  pres -  
s u r e .  Habi tua t ion  r a p i d l y  deqrades s t a t i c  Dressure s e n s i -  
t i v i  t y  . 
Vision,  t h e  m o s t  comnlex of a l l  human senses ,  i s  a l so  
t h e  m o s t  d i f f i c u l t  t o  d e s c r i b e  q u a n t i t a t i v e l y .  Two p o i n t  
v i s u a l  a c u i t y  a t  t h e  f o v i a  i s  e x c e l l e n t ,  r e so lv ing  separa-  
t i o n s  of about 1 /2  minute of arc. Secalvtse cf t h e  mul t ip l e  
levels of v i s u a l  nrocess ing  , however, visual-motor response 
de lavs  are lonqer  than those  f o r  v e s t i b u l a r  o r  k i n e s t h e t i c  
reslsonses . Okabe ( 8 6 )  observed eye-wris t  resnonse delays 
of 0 . 3 2  seconds.  This exnerimenter founci eye-ankle delays 
of 0 .40  seconds.  
Meirv ( 8 3 )  observed t h e  3erformazce of subjects 
s t a b i l i z i n g  a v e h i c l e  w i th  i n v e r t e d  ?endulum dynamics over  
a range of diverqence f r equenc ie s ,  F igure  5.1.  H e  found 
t h a t  Performance wi th  v i s u a l  cues ,  w h i l e  s u p e r i o r  t o  
v e s t i b u l a r  cues a t  low f r equenc ie s ,  degraded r ap id ly  f o r  
f requencies  above 1 rad/sec.  With v e s t i b u l a r  and t a c t i l e  
cues ,  s u b j e c t s  could s t a b i l i z e  a v e h i c l e  w i th  divergence 
f requencies  up t o  2 .6  r n s  b u t  showed Doorer l o w  frequency 
performance. The combination of v i s u a l ,  v e s t i b u l a r ,  and 
t a c t i l e  cues r e su l t ed  i n  t he  b e s t  overal l  performance. 
Several ,  nore ex tens ive  i n v e s t i q a t i o n s  i n t o  t h e  m e  of 
v i s u a l  and motion cues i n  manual c o n t r o l  t a s k s  p a r a l l e l  
Ye i ry ' s  r e s u l t s  ( 2 6 ,  9 6 ) .  
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S i n c e  removal of v e s t i b u l a r  responses  i n  normal 
s u b j e c t s  i s  no t  p o s s i b l e ,  t h e  r o l e s  of t h e  v i s u a l  and 
k i n e s t h e t i c  senses  F.ay be s t u d i e d  only by observing h o w  
each sense modif ies  t h e  v e s t i b u l a r  p n s t u r a l  resnonses .  
5 . 2  Pos ture  9errulation w i t h  Ves t ibu la r .  Visual.,  and 
Ex te rocep t ive  Senses 
5 . 2 . 1  The Experiments 
E f f e c t s  of i nc lud ing  v i s u a l  and/or e x t e r o c e p t i v e  cues 
dur inq  v e s t i b u l a r  c o n t r o l  of pos tu re  a r e  considered.  
Sub jec t s  s t a n d  on t h e  exDerimenta1 p l a t fo rm und.er t h e  
fol lowing cond i t ions  : 
1. e y e s  onen; p l a t fo rm r o t a t e s  t o  remove ankle  angle  
feedback 
2 .  eyes c losed ;  p l a t fo rm r i g i d  
3. eves onen: p l a t fo rm r i g i d .  
Measurement techniques employed are s i m i l a r  t o  those  used 
i n  Sec t ion  4 . 4 ;  r e a c t i o n  to rques  and body angle  are 
measured cont inuously.  
4 
I n  each of t h e  above c o n d i t i o n s ,  p o s t u r e  c o n t r o l  
follows t h e  same b a s i c  p a t t e r n  seen  dur ing  v e s t i b u l a r  
feedback c o n t r o l :  q u i e t  p e r i o d ,  body divergence,  t r a n s i e n t  
responses ,  and re -es tab l i shment  of q u i e t  s t a b i l i t v .  
For each s u b j e c t  t e n  t r a n s i e n t  resDonses of each tes t  
cond i t ion  a r e  averaTed. I n  cases  2 and 3 ,  s p e c i a l  cau t ion  
was exercised t o  i n c l u d e  onlv responses  i n  which the  o n s e t  
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of body motion clearly preceeds initiation of the postural 
response. Figure 5.2 shows composite average responses 
for each test condition. At all sample times, variations 
among subject means were less than those within each 
subject's sample. 
The basic strategy of control in case 1, vestibular 
and visual cues only, is similar to control strategy with 
vestibular cues only, defined in Figure 4.11. Control 
strategies in cases 2 and 3, however, are different, since 
the rigid platform enables full activation of the reflex 
control loop. Here control resembles that in the reflex 
model in Figure 3.16. Subsequent analysis develops each 
of these control models to include effects of visual and 
exteroceptive cues. 
5.2.2 Vestibular and Visual Control 
Comparing vestibular initiated responses with and 
without visual cues, Figures 4.10 and 5.2, three effects 
of the visual cues are evident: 
1. 
2. 
3 .  
The slow phase transient response is more highly 
damped when visual cues are added, (eyes open 
p = 0.5, eyes closed: p 0.1). 
Peak amplitude of the slow phase transient response 
is reduced to less than one-half size when visual 
cues are included (eyes open: peak BB = 0.6O, eyes 
closed: peak eB = 1.4O). 
Offset error at the termination of the slow phase 
correction, as indicated by the rate at which the 
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body again diverges, is improved with visual feed- 
back. As indicated by average divergence rate, 
body angle error with eyes closed is 0.05', and 
with eyes open 0.025O. 
Average threshold values for the vestibular response during 
divergences are slightly smaller when eyes are open, 0.29O, 
than when eyes are closed, 0.36'. In both cases, eyes open 
and eyes closed, variations among the three subjects are 
statistically insignificant, p > 0.10. Visual cues, however, 
do not appear to directly effect the vestibular response 
threshold. The body angle threshold for vestibular response 
is dependent on the divergence rate of the body, which is 
more rapid when eyes are closed. This fully accounts for 
the difference between eyes open and eyes closed response 
thresholds. (See Figure 4.7.) 
Visual cues do not appear to participate continuously 
in the regulation of posture. Referring to data above, 
visual resolution of body angle is about 0,025O. Noting 
the average body divergence characteristic in Figure 5.2, 
visual threshold should be reached about 0.75 seconds 
before the postural response is detected. Including the 
transmission time delay of 0.40 seconds, a visually initiated 
posture response would be observed at significantly lower 
threshold. We must, therefore, conclude that visual feed- 
back is not active during the initial sway divergence, 
that it is activated only after vestibular detection of 
body swaye 
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5.2.3 Exterocept ive/Reflex Cont ro l  
B a s i c  changes i n  c o n t r o l  are e v i d e n t  when ex te rocep t ive  
cues and t h e  r e f l e x  feeblack loop are corrbined w i t h  
v e s t i b u l a r  r e g u l a t i o n  of o o s t u r e .  The fol lowinq Daragraphs 
exn la in  t h e s e  chanaes.  
When re f lex  feedback c o n t r o l  i s  inc luded ,  t h e  per-  
centage of t i m e  durincr which subjects show s t a t i c  s t z b i l i t y  
(i.e. , when changes i n  r e a c t i o n  torque and body o r i e n t a t i o n  
cannot be d e t e c t e d )  i n c r e a s e s  from an average of 20% t o  
4 0 % .  T h i s  i n c r e a s e  i s  t h e  r e s u l t  of " s t i c t i o n "  i n  t he  r e f l e x  
loop,  shown i n  s e c t i o n  3.1.2.  
The th re sho ld  f o r  d e t e c t i o n  of body sway decreases  
s i g n i f i c a n t i y  when ex terocept ive  CES are added, (cas2 2 )  , 
droppinq from 0.36" t o  0.13O. V a r i a t i o n s  i n  t h e  ex te rocep t ive  
th re sho ld  va lue  among subjects i s  s t a t i s t i c a l l y  i n s i g n i f -  
i c a n t ,  D > 0 .10 .  .Amplitude of the  t r a n s i e n t  response i s  
reduced i n  p ropor t ion  t o  t h e  n e a r l y  th ree - fo ld  decrease 
i n  d e t e c t i o n  th re sho ld .  
Na tu ra l  frequency of t h e  t r a n s i e n t  response i n c r e a s e s  
when the  r e f l e x  feedback loop i s  added. Natura l  frequency 
wi th  r e f l e x  s t a b i l i z a t i o n  i s  0.35 Hz  I s i  gn i  f i can t  lv 
h ighe r  than  t h a t  w i t h  only v e s t i b u l a r  feedback c o n t r o l  , 
0.20 H z .  
Addi t ion of v i s u a l  cues ,  ( case  3 1 ,  shows s l i g h t l y  . 
imDroved dampinq c h a r a c t e r i s t i c s  dur ing  t h e  slow phase 
c o r r e c t i o n .  Threshold f o r  d e t e c t i o n  of sway remains v i r t u  s l l y  
unchanged: 
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Dampin? r a t i o  w i t h  v i s u a l  cues = 0.5 
Damping r a t i o  wi thout  v i s u a l  cues = 0 . 3  
Threshold w i t h  v i s u a l  cues = 0.1l0 
Threshold wi thou t  v i s u a l  cues = 0.13O 
5 . 2 . 4  Frequency Analysis of  Cont ro l  
S F e c t r a l  a n a l y s i s  of p o s t u r a l  responses  provides  an 
added means for  observing t h e  f u n c t i o n  o f  each mode of  
feedback c o n t r o l .  Analysis  i s  performed d i q i t a l l y .  T h e  
nroqram, F o u r i e r ,  i s  descr ibed  i n  Fppendix C . 
C o e f f i c i e n t s  are conputed f o r  s i x  minute runs ;  three 
runs are made f o r  each t es t  cond i t ion  w i t h  each s u b j e c t .  
T e s t  cond i t ions  inc lude  : 
1 e eyes 013813; ex terocept ive  and r e f l ex  control.  removed 
(nlatform ro ta ted  t o  main ta in  ankle  angle  a t  zero) 
2 .  eyes onen; all o t h e r  cues a v a i l a b l e  ( r i g i d  p la t form)  
3. eyes c losed ;  a l l  o t h e r  cues available ( r i g i d  p l a t f o r m ) .  
Comparing c o e f f i c i e n t s  i n  cases 1 and 2 above, removal 
of e x t e r o c e p t i v e  cues and ref l e x  c o n t r o l  i n c r e a s e s  t h e  amplitude 
of body sway motions a t  h ighe r  f r equenc ie s ,  Fiqure 5.3. 
Conversely, removal of v i s u a l  cues ,  comDaring cases 2 and 3,  
causes i n c r e a s e s  i n  body sway motion only a t  the lowest 
f requencies ,  F iqure  5.4. (Complete s p e c t r a  f o r  each s u b j e c t  
are inc luded  i n  Appendix E . )  
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5.3 Model for Visual and Exteroceptive Control of Body Sway 
5.3.1 Reflex/Exteroceptive Control 
The model configuration closely follows the basic 
strategy for reflex gain control developed in Chapter 3 .  
More quantitative descriptions are included for exteroceptive 
and utricle otolith mcdclaticn of reflex feedback gain. The 
model is shown in Figure 5.5. 
The exteroceptive sense is modeled as a low threshold 
sway detector with habituation. Otolith cues provide slow 
phase correction due to habituation of exteroceptive cues. 
Because quiet standing with reflex and exteroceptive cues 
is inherently very stable, little effort is noted when 
visual cues are added. 
The model is simulated; the program is shown in 
Appendix D, Figure 5.6 compares responses predicted by 
the model with experimental observations, 
5-2 .5  Veskibular and Visual Control 
A visual feedback loop is added to the vestibular 
control model presented in Section 4.5, The visual sense 
is modeled as a linear feedback controller with prediction 
(rate compensation) and transmission delay of 0-40 seconds. 
The model assumes that visual feedback participates 
in posture control only intermittently. Visual control is 
suppressed during stable periods and activated only after 
vestibular detection of divergence, The vestibular and 
visual control model is shown in Figure 5.7. 
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Model responses are determined analytically. Figure 
5.8 compares responses predicted by the model with exper- 
imental observation. Note that the linear model for visual 
control of the slow phase transient does not accurately 
predict amplitude of the oscillation. A higher gain in the 
visual feedback loop necessary to reduce amplitude of the 
slow phase oscillation also causes a considerable reduction 
in the damping of the response. Hence, it is likely that 
visual compensation is non-linear; its feedback gain is 
very large initially and decreases rapidly, resulting in 
the observed damping characteristics, 
5.3 Conclusions 
The basic strategy of separating dynamic and static 
feedback control functions applies to the exteroceptive 
and visual senses. Exteroceptive cues provide rapid, low 
threshold detection of body sway divergence. Visual cues 
effect well damped, high resolution correction of the slow 
phase drift. 
Comparing properties of the vestibular systems with 
those of visual and exteroceptive senses, vestibular senses 
appear to be less accurate in all phases of control. 
Minimum canal detection threshold is about 0.29O compared 
to 0.11' with exteroceptive cues. Final resolution of 
utricle otolith slow phase correction, O10So, is less 
accurate than that using visual feedback, O . O 2 5 O ,  
Taken at face value, the above observations indicate 
that visual and exteroceptive feedback regulation is in every 
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respect superior to that using vestibular cues. Such an 
assumption, however, is incorrecto Exteroceptive-visual 
control of posture in normal subjects acts in conjunction 
with vestibular cues; it does not replace them. While 
results clearly show that threshold sensitivities of the 
exteroceptive and visual senses are superior, increased 
sensitivity may not be directly correlated with these 
sensors' ability to effect more accurate postural responses. 
In other words, threshold sensitivity is only one part 
of the total response characteristics of a sensor. Of 
equal importance in control of posture are the following: 
1. continuous output characteristics of the sensor 
2. the neural interface between the sensor and the 
postural response effectors. 
Vestibular modulation of the visual posture control 
loop effectively allows the visual system to perform many 
functions in addition to regulation of posture by summoning 
visual control only when it is most needed. Hence, vestibular 
sensors are important even when full visual cues are avail- 
able - 
A description of posture control without vestibular 
cues in Chapter 6 enables further development of the 
description of visual and exteroceptive sensors, 
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CHAPTER 6 
P M T U R E  CONTPOL WITHOUT TTESTIBULAR SENSES 
Pos tu re  r e g u l a t i o n  of a s u b j e c t  w i th  comolete loss 
of v e s t i b u l a r  func t ion  i s  observed. During normal q u i e t  
s t and inq ,  eyes  open, performance i s  n e a r l y  normal. T h e  
combination of ref lex/exteroceptive high frequency and v i s u a l  
l o w  frequency s t a b i l i z a t i o n  i s  adequate fo r  pos tu re  c o n t r o l  
i n  t h e s e  circumstances . 
With eyes c losed ,  t h e  s u b j e c t  i s  able t o  remain 
s t a b l e  w i t h  cons iderable  conscious e f f o r t .  Tests show t h a t  
eyes c lose2  s t a b i l i t y  i s  achieved bv a large i n c r e a s e  i n  
r e f l e x  loon ga in ,  r e s u l t i n a  i n  " r i q i d "  s t a b i l i t y .  
6 . 1  The Sub jec t  
The s u b j e c t ,  aue twenty v e a r s ,  has complete loss of 
v e s t i b u l a r  and aud i to ry  func t ion  d.ue t o  b i l a t e r a l  t r a n s e c t i o n  
of t h e  e i g h t h  nerve.  The subject ' s  motor-sensorv func t ions  
i n  the  lower limbs are normal. V e s t i b u l a r  loss occurred 
about t w o  v e a r s  p r i o r  t o  t h e  a u t h o r ' s  tests. S ince  loss 
of v e s t i b u l a r  func t ion ,  t h e  s u b j e c t  has  remained a c t i v e  and 
1 2 2  
has comnensated f o r  t h e  sensory de f i c i ency  t o  t h e  e x t e n t  
n o s s i b l e .  FJalking and s t and ing  on s t a b l e  s u r f a c e s  appears 
normal. Comnlex nos tu re  coord ina t ion ,  however, i s  c l e a r l y  
affected by t h e  v e s t i b u l a r  loss .  
6 . 2  The T e s t s  
The s u b j e c t  w a s  observed s t and in9  q u i e t l y  wi th  eyes 
onen an2 eves closed. The fol lowing t e s t  was performed: 
1. r e f l e x  resnonse I;rains; eyes  open and eyes closed 
(Sec t ion  3.1.2) 
2 .  induced sway threshold  tests: eyes open only 
(Sec t ion  4 . 3 )  
3. continuous record ina  of p o s t u r a l  resoonse and body 
anqle  motion (Sec t ion  5.2.1) 
4 .  frequency spectra of body anqle  motions: eyes oDen 
and eyes c losed  (Sec t ion  5 e 2 . 4 )  
T e s t  nroced.ures are i d e n t i c a l  t o  these descr ibed  i n  previous 
chap te r s .  I n  a l l  cases, tests a r e  abbrevia ted  vers ions  of 
t h e  o r i g i n a l  exoeriments.  
6.3 Resul t s  
6 e 3 . 1  R e f  l e x  Response Gains 
Reca l l i ng  t h e  conclusions i n  Chapter 3 ,  t h e  average 
ga in  of t h e  s t r e t c h  r e f l e x  response induced by s m a l l  rota- 
t i o n s  of t h e  ankle  j o i n t  i s  shown t o  be about one- th i rd  t h a t  
necessary  f o r  p o s t u r a l  stability. 
eyes open, t h e  v e s t i b u l a r  d e f e c t i v e  subjec t  demonstrates 
During q u i e t  s t and ing  w i t h  
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reflex responses at gains somewhat larger than those of 
normal subjects, Figure 6.1. The level of gain, however, 
is still well below that necessary for postural stability. 
The subject is most likely using the same strategy for con- 
trol as normal subjects. 
Average reflex gain of the vestibular defective subject 
increases markedly when eyes are closed, Figure 6.2. The 
average reflex gain for extension, 12.35 ft'lb per degree, 
is large enough to achieve "rigid" postural stability, 
while average gain for flexion increases by only a factor 
of two. 
A likely explanation for the unsymmetrical increase in 
reflex gains is the following: 
All subjects tend to lean forward slightly when their 
eyes are closed. The vestibular defective subject 
leans forward even more than the normal subject when 
eyes are closed, raising the operating level of the 
extensor muscles and allocating almost complete control 
function to these muscles. 
6.3.2 Threshold for Detection of Induced Sway 
This experiment tests the ability of the subject to 
detect sway divergence of reflex control and exteroceptive 
cues. Body sway is induced using backward and forward de- 
flections of the platform at constant velocity, As sway is 
induced, the platform is rotated to track the rotation of 
the body, thus eliminating reflex and exteroceptive detec- 
tion of sway via deflection of the ankle joints, The 
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validity of this technique is demonstrated in section 4-3. 
The observed response sequence is similar to that 
seen in normal subjects: body angle begins to increase 
without a corresponding increase in ankle torque; motion is 
detected and torque increases rapidly; stability is re- 
established. Results in terms of response time and body 
angle shown in Figure 6.3, clearly demonstrate that thresh- 
old for detection of body motion is increased when vestibular 
cues are absent. Minimum delay time is about 0.45 seconds. 
The minimum body angle subtended before motion is detected 
is about 0,35 degrees. Note that the angle threshold in- 
creases continuously as the rate of induced sway increases, 
while normal subjects with the aid of vestibular cues show 
a constant threshold of 0.29 degrees for induced rates up 
to 0.80 degrees per second. 
6.3.3 Continuous Postural Response Characteristics 
Continuous records of postural response during eyes 
open and eyes closed control are shown in Figure 6.4. The 
intervals chosen generally characterize the types of re- 
sponses seen through out each observation period of e4 
minutes e 
Comparable response characteristics for normal subjects 
are analysed in Section 5.2. These results show that 
"stiction: forces provide for complete static stability. 
During frequent transient disturbances, increases in reflex 
gain initiated by the higher centers maintain stability. 
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This simple control strategy is seen in both eyes open 
or eyes closed test cases. 
With eyes open, control strategy of the vestibular 
defective subject is the same as that observed for normal 
subjects. Records show periods of "stiction" stability 
and frequent divergin transients. Threshold for detection 
of the divergence transients is about the same as that 
observed for normal subjects, 0.10 degrees. Corrections of 
the transient disturbance, however are less consistent, 
Resulting divergence body angles are larger, 0.5 degrees 
versus 0.25 degrees for normals, and corrections are often 
underdamped. 
When eyes are closed, the entire strategy of control 
changes significantly. No periods of "stiction" stability 
are present, rather small, higher frequency oscillations 
(about 3/4 to 1 Hz) are present almost continuously during 
quieter periods. During these quiet periods, body angle 
drifts continuously at rates ranging from 0.2 to 1.0 
degrees per second. A rough estimate of the threshold f o r  
detection of this slow phase drift is about 2 to 4 degrees- 
When slow phase drift is detected, larger transient 
responses are initiated. Characteristics of these responses 
are very erratic, Many of them are very poorly damped, 
showing many large oscillations at frequencies above 1 H z ,  
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6 .3 .4  Fourier Coefficients 
Fourier coefficients for body angle with eyes open 
or eyes closed control are compared to those of normal 
subjects under the same test conditions, Figures 6 .5  and 
6 .6  a Posture control with eyes open shows characteristics 
very nearly the same as those for normal subjects. Some 
increase in low frequency sway amplitude is seen. 
When eyes are closed, body sway amplitude at all fre- 
quencies increases, Largest increases are noted at fre- 
quencies above 0.1 cycles per second. 
6.4  Conclusions 
A vestibuZar defective subject is able to regulate 
posture during a quiet standing, eyes open task using the 
same control strategy as normal subjects. A radical shift 
in strategy*, however, is necessary to maintain stability 
when the vestibular defective subject closes his eyes. 
These two statements are consistent with the reflex/exter- 
oceptive control model described in Section 5 . 3 .  The obser- 
vations substantiate two major characteristics of extero- 
ceptive/reflex model: 
1. Habituation of the exteroceptive gain control 
mechanism results in poor static stability of the 
exteroceptive/reflex control loop. 
2. Gain of the reflex loop may be increased to achieve 
static "rigid" stability. 
1 3 3  
Because the primary mode of control has a slow drift 
instability, an additional sensory feedback mode, either 
vision or utricle otolith, is necessary to correct this 
slow drift. Hence, the vestibular defective subject with 
eyes open is able to maintain posture in a normal manner. 
When the vestibular defective subject closes his eyes, 
both mechanisms for slow drift correction are lost. The 
large increase in average reflex gain may be seen as an 
attempt to minimize this drift by maintaining reflex gains 
at very high levels. The continued presence of drift likely 
results because the subject is not able to maintain reflex 
gains continuously above the level necessary for rigid 
stability. Habituation likely lowers reflex gain during 
quieter periods. Joint receptors most likely provide the 
very crude correction of the reflex/exteroceptive control 
loop drift. 
A model for "rigid" reflex control of posture in the 
absence of both visual and otolith cues is proposed as 
follows. The basic configuration is the same as before; 
exteroceptive feedback modulates the reflex loop gain. 
Here, however, the background reflex gain setting is con- 
siderably higher, though not quite large enough for static 
stability. Habituation of the exteroceptive gain control 
loop results in the slow drift. Perhaps high threshold 
joint receptor or non-adapting pressure receptor feedback 
loops correct slow drift. 
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After observing the subject for several hours, a further 
qualitative observation can be made: 
During simple postural tasks, walking, climbing stairs, 
etc., control without vestibular cues is very nearly as 
accurate as when they are included. The vestibular defective 
subject, however, must maintain a continuous visual aware- 
ness of body orientation, while in normal subjects the 
vestibular system continuously monitors postural orientation. 
Performance of the vestibular defective subject, dependent 
on the level of visual attention, is noticeably more erratic. 
While stability is generally good, the subject occasionally 
became unsteady for no apparent reason except that visual 
attention was inadvertently relaxed. These observations 
further support the proposal made in Chapter 5. 
Vestibular cues, acting as a continuous monitor of 
posture orientation, free the visual system from a 
continuous monitoring function. Instead, vestibular cues 
alert the visual senses for postural control only when 
necessary during transient disturbances, 
135 
CHAPTER 7 
CONCLUSIONS 
The soal  of t h i s  thesis i s  t o  d e f i n e  t h e  func t ion  of 
t h e  feedback senso r s  i n  c o n t r o l l i n g  pos tu re  and t o  model 
t h e  n e u r a l  i n t e r f a c e s  between t h e s e  sensors  and t h e  mechan- 
i sm t h a t  i n i t i a t e  motor responses .  A a e n e r a l  model i s  
f i r s t  developed f r o m  information found i n  a review of t h e  
motion sense  models , nusc le  models and c u r r e n t  semcry- 
motor neurophysiology. Usinq a s D e c i f i c a l l y  designed t w o -  
degree of freedom platform,  observa t ions  from a series of 
experiments f o r m  t h e  basis  f o r  s p e c i f i c  models f o r  t h e  
feedback senso r s ,  t h e  resDonse e f f e c t o r s  , and sensory- 
motor n e u r a l  p rocess ing .  
T h e  pos tu re  c o n t r o l  model can be subdivided i n t o  two 
b a s i c  p a r t s :  r e g u l a t i o n  w i t h  s t r e t c h  ref l e x  p o s i t i o n  feed- 
back ( s t and ing  on a r i q i d  s u r f a c e )  , and r e g u l a t i o n  r e l y i n g  
on h ighe r  c e n t e r  feedback senso r s  ( s t a n d i n s  on a s u r f a c e  
which rotates t o  t r a c k  body angle  motions,  n u l l i n g  ankle  
angle cont inuously.  ) 
Posture  c o n t r o l  s t r a t e a v  i n  these t w o  extreme cases i s  
fundamentally d i f f e r e n t .  Evidence i s  p resen ted ,  however, 
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which sugges ts  t h a t  f o r  a large class of cond i t ions  between 
these extremes of a n e r f e c t l y  r i g i d  f l a t  s u r f a c e  and a 
s u r f a c e  wi th  s n e c i a l  compliant p r o p e r t i e s ,  a combination 
of these two c o n t r o l  strategies can be expected. 
7 . 1  Pos ture  Control  on a Rigid,  F l a t  Surface 
During q u i e t  s t and ing  on a r i g i d ,  f l a t  s u r f a c e ,  t h e  
ankle  s t re tch  r e f l e x  qa ins  are about one- th i rd  t h a t  necessary 
fo r  pos tu re  s t a b i l i t y .  S m a l l  " s t i c t i o n "  f o r c e s  a c t i n g  between 
f ibers  wi th in  both i n t r a -  and e x t r a - f u s a l  muscle, however, 
supplement t h i s  r e f l e x  ga in ,  and! together they provide a 
qa in  adequate f o r  complete s t a b i l i t y  f o r  very s m a l l  ankle  
d e f l e c t i o n s .  Q u i e t  s t and ing  shows pe r iods  of " s t i c t i o n "  
s t a b i l i t y  punctuated by f r equen t  t r a n s i e n t s  during which 
t h e  s u b j e c t  "breaks out' '  of s t a b i l i t y  and begins  t o  d iverge .  
K i n e s t h e t i c  cues , chanqes i n  p re s su re  d i s t r i b u t i o n  on the 
fee t  f i rs t  detect  t h i s  divergence,  t r i q g e r i n g  a mul t ip l i ca -  
t i v e  i n c r e a s e  i n  r e f l e x  loop ga in  proDortiona1 t o  d i s t u r b -  
ance amplitude.  Because deep p r e s s u r e  s e n s a t i o n  h a b i t u a t e s ,  
an a d d i t i o n a l  s e n s e ,  e i ther  v i s u a l  or u t r i c l e  o t o l i t h  i n f o r -  
mation i s  necessarv  t o  provide d r i f t  s t a b i l i z a t i o n .  
Average r e f l e x  ga in  i s  found t o  be a good measure of 
n a r t i c i p a t i o n  of t h e  r e f l e x  mode of pos tu re  r egu la t ion .  
When s m a l l  ampli tude,  l o w  frequency p l a t fo rm r o t a t i o n a l  
motions a r e  in t roduced ,  t h e  r e l i a b i l i t y  of t h i s  mode of 
c o n t r o l  i s  reduced. A corresponding decrease  i n  r e f l e x  
ga in  i s  seen.  When the  r e f l e x  feedback loop i s  removed 
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by maintaining ankle angle at zero, mean reflex gain 
drops to nearly zero. 
7.2 Posture Control with Vestibular and Visual Senses 
When reflex/exteroceptive feedback is removed, the sub- 
ject must rely completely on higher center motion sensors, 
the vestibular and visual systems. With eyes closed, 
vestibular cues are sufficient to provide postural stability. 
In this case, the utricle otoliths and the semicircular 
canals operate as frequency selective feedback sensors. 
Canals, the higher frequency motion sensors, detect body 
divergence and initiate postural responses. Canal feedback 
control, however, is unstable at very low frequencies. The 
utricle otolith is a static and very low f r z y ~ e n c y  5en5c1, 
indicating average body angle with respect to the gravity 
vector. An outer otolith feedback loop stabilizes the low 
frequency drift of the canals. 
The addition of visual feedback during vestibular 
control of posture produces a significant improvement in 
accuracy of the slow phase correction of body angle. Vision, 
however, does not affect the threshold for detection of 
body angle divergence. Posture control experiments substan- 
tiate the fact that vision is primarily a static or very low 
frequency feedback sensor. 
7 . 3  Posture Control without Vestibular Senses 
Posture control without vestibular function is nearly 
normal when a defective subject stands on a rigid surface 
with eyes open. Detec%ion of body divergence, exteroceptive 
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cues,  i s  normal. Reflex qa ins  are somewhat h ighe r  than 
normal. I t  m a v  be concluded t h a t  ex te rocep t ive  d e t e c t i o n  
of divergence and v i s u a l  c o r r e c t i o n  of slow d r i f t  are 
s u f f i c i e n t .  
When eyes are c losed ,  a r a d i c a l  change i n  c o n t r o l  
s t a r t e g y  i s  ev iden t .  S ince  n e i t h e r  v i s u a l  nor  u t r i c l e  
o t o l i t h  s t a t i c  senses  are a v a i l a b l e ,  r e f l e x  ga in  i s  inc reas -  
ed about  s i x - f o l d  t o  enable  "rigid." s t a b i l i t y .  
7 . 4  A n  Overa l l  Summary 
Pos ture  c o n t r o l  i s  seen as a mul t i loop  system i n  which 
a number of s p e c i a l i z e d  feedback sensors  c o n t r i b u t e  t o  t h e  
genera t ion  of commands. P ropr iocep t ive  sensors  and n e u r a l  
p rocess ing  a t  t h e  lowest l e v e l s  enable  crude b u t  f a s t  a c t i n g  
responses based on information from bodv centered  frames. 
" I n e r t i a l "  sensors  and h ighe r  c e n t e r  process ing  provide 
more accurate, adaptab le  c o n t r o l  b u t  w i th  longer  process ing  
de lays .  Hence, pos tu re  c o n t r o l  i s  a h igh ly  non-stat ionary 
process  i n  which resDonses t o  t r a n s i e n t  d i s turbances  are 
i n i t i a t e d  a t  t h e  l o w e s t  levels.  A l loca t ion  of c o n t r o l  then 
"radiates" upwards t o  t h e  h iqhe r  c e n t e r s  where success ive  
c o r r e c t i o n s ,  based on more complete informat ion ,  f i n e  tune  
t h e  i n i t i a l .  responses .  F iqure  7 . 1  reviews t h e  b a s i c  
f e a t u r e s  of t h e  posture c o n t r o l  system. Table 7 .2  summarizes 
t h e  p r o p e r t i e s  of t h e  Dosture c o n t r o l  s enso r s .  
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7.5 Some Suggest ions f o r  Fur the r  Work 
Expansion of t h e  research presented  i n  t h e  t h e s i s  
may Droceed along t w o  f r o n t s :  a deeper probe i n t o  t h e  
mechanisms of pos tu re  c o n t r o l  o u t l i n e d  h e r e ,  o r  accept ing  
t h e  bas ic  f o r m  of t he  model, t h e  a o p l i c a t i o n  of t h e  model 
t o  c l i n i c a l  research problems. 
7 e 5 . 1  N u l t i p l i c a t i v e  Inc rease  i n  F.ef l e x  Gain During 
Trans i en t  D i  s turban ce s 
A m u l t i p l i c a t i v e  i n c r e a s e  i n  r e f l e x  Fain dur ing  t r an -  
s i e n t  d i s tu rbances  may be observed by in t roduc inq  ankle  
angle  s t e p  d i s t u r b a n c e s ,  n o t  a t  random i n t e r v a l s  b u t  a t  
var ious  i n t e r v a l s  a f t e r  d e t e c t i o n  of a t r a n s i e n t  body angle  
d i s tu rbance .  Ques t ions  t o  be answered inc lude  : 
1. D o e s  t h e  r e f l e x  ga in  i n c r e a s e  f o r  a t r a n s i e n t  i n  
a given d i r e c t i o n  apply only t o  d e f l e c t i o n s  i n  
t h a t  d i r e c t i o n ,  o r  does the ga in  i n c r e a s e  cover 
both  ex tens ion  and f l e x i o n  d is turbances?  
2 .  Is t h e  t i m e  h i s t o r y  of t h e  r e f l e x  response t h e  same 
or d i f f e r e n t  dur ing  a t r a n s i e n t  i n c r e a s e  i n  r e f l e x  
gain? 
Answers t o  both ques t ions  would provide va luab le  i n s i g h t  i n t o  
t h e  phys io log ica l  mechanisms f o r  r e g u l a t i n g  r e f l e x  responses.  
7.5.2 C l i n i c a l  Diagnosis of Posture-Related Sensory Defects 
T h i s  t h e s i s  r e sea rch  has  shown t h e  frequency s e l e c t i v e  
n a t u r e  of h ighe r  c e n t e r  sensory. feedback modes, s p e c i f i c a l l y  
of the frequency differentiation for semicircular canal 
and utricle otolith functions. The two-degree of freedom 
experimental platform developed is able to remove reflex 
and exteroceptive cues, thus allowing observation of vestib- 
ular feedback control. Combining these results, a simple 
method for diagnosing utricle otolith or semicircular 
canal deficiencies is possible, This could be done in 
the following way. 
Ask the subject to stand quietly on the platform with 
eyes closed. A simple reflex response test should give an 
immediate indication of utricle otolith function, Although 
the subject's performance may appear normal upon simple 
visual inspection, he will show an increase in reflex gain 
to compensate for deficiency in otolith sense of vertical. 
If utricle function is normal, semicircular 
canal function may be tested by rotating the platform such 
that the ref lex and exteroceptive c~ are removed. Without 
canal function, the subject would be unstable during this 
procedure. A rough estimate of the degree of canal defici- 
ency may be provided by slowly reducing the effects of reflex/ 
exteroceptive feedback and observing the point at which 
instability is reached. 
143 
P.DPENDIX A 
BODY DYNAMICS 
For motions about t h e  ankle  j o i n t ,  the  dvfiamic charac- 
t e r i s t ics  of t h e  body may be compared t o  those  of an inve r t ed  
nendulum. Because of t h i s  i n h e r e n t l y  uns t ab le  conf igu ra t ion ,  
fomard-backward r o t a t i o n a l  motions of t h e  body about t h e  
ankle  j o i n t s  r e p r e s e n t  a c r i t i c a l  mode i n  t h e  c o n t r o l  of 
gos tu re .  Re la t ive  motion between upper bodv seaments dur ing  
q u i e t  s t a n d i n a  i s  of considerably less consequence and i s  
assumed t o  be zero  i n  t h e  body dyanmic model, Figure A . l .  
Parameter va lues  f o r  body phys ica l  c h a r a c t e r i s t i c s  are 
taken from Demnster ( 2 3 ) .  Effects  of v a r i a t i o n s  i n  these 
character is t ics  among t h e  three s u b j e c t s  are considered and 
found t o  have i n s i a n i f i c a n t  e f fec ts  on performaIice cha rac t e r -  
i s t i c s  of t h e  pos tu re  c o n t r o l  model. 
The body dynamic equat ion  i s :  
.. - m-Bghcg eB + - TA 
=A =A 'B - 
where IA i s  t h e  moment o f  i n e r t i a  of t h e  body about t h e  
ankle  j o i n t ;  
i s  t h e  mass of the body; m B  
h i s  t h e  h e i g h t  of t h e  c e n t e r  of m a s s  
Ccl 
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HEAD 
1 1 . 5  LBS.  
6 5  INCHES 
UPPER ARM 
11 LBS.  5 1  I N C  
LOWER ARM 
9 LBS.  45 I N  
TRUNCK 
7 6  LBS.  5 0  INCHES 
UPPER LEG 
36 LBS. 3 0  I 
LOWER LEG 
1 6  LBS.  1 3  I 
FIGURE A . l  PHYSICAL CHARACTERISTICS OF THE BODY 
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TA is the net reaction torque effected by posture 
muscle at the ankle joint; 
O B  is the body angle in the forward-backward plane. 
The following are average values for these parameters: 
2 IA = 750 lb-in-sec 
m = 166.5 lb 
h = 38.7 in 
2 u2 = 8.6/sec 
w = 2.94/sec 
B 
B 
B 
cg 
= 3.0/sec 
Size data for the three subjects are given: 
G.L. 
Height 6'0" 
D.R. 
5'9" 
K.G.N. 
5 5" 
Weight 155# 150# 125# 
Combining these data with Dempster's average body configura- 
tion, the following estimates for each subject are made: 
G.L.  D.R. K.G.N. 
2 IA 2 720 lb-in-sec 640 lb-in-sec 490 lb-in-sec 
mB = 155 lbs 150 lbs 125 lbs 
h = 40.1 in 38.1 in 
2 
cg 
8.9/sec 2 = 8.7/sec uB 
35.9 in 
9.l/sec 2 
The ankle response gain just necessary to stabilize the body 
- mBghcg' The average for the to gravitational torque is - TA e 
three subjects tested is = 7.5 ft-lb/degree, 
A word about the generation of stabilizing ankle torques 
during quiet standing is in order. The foot is a limited 
supporting surface; thus, there is a maximum torque after 
which the foot will not remain flat on the supporting surface. 
For positive torques (activation of the extensor muscles) the 
maximum torque is about 70 ft-lb, Since little foot length 
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extends behind t h e  ankle  as suppor t ,  maximum negat ive  
torque i s  much smaller,  about 20  f t - l h .  The fol lowing 
torque resnonse limiter i s  t h e r e f o r e  def ined:  
LIMITER 
FOOT-POUNDS 
The above r e l a t i o n  e s s e n t i a l l y  de f ines  t h e  l i m i t s  of s imple,  
f e e t - t o g e t h e r  pos tu re  c o n t r o l .  
When cond.itions r e q u i r e  g r e a t e r  n e t  t o rques ,  steppincj 
and more comDlex body motions are requi red .  Therefore, 
experiments i n  t h i s  thesis cons ide r  only c o n t r o l  of q u i e t  
s t and ing ,  dur in?  which these torque  response l i m i t s  need 
n o t  be exceeded. 
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APPENDIX B 
THE TWO-DEGREE OF FREEDOM EXPERIPKENTAL PLATFORM 
The p l a t fo rm provides  t h e  base  on which t h e  s u b j e c t  
s t ands  durinq experiments.  I t  enables  t h e  experimenter t o  
in f luence  t h e  c o n t r o l  s t r a t e q y  of the s u b j e c t  and permi ts  
him t o  probe t h e  s ta tes  of t h e  p o s t u r a l  c o n t r o l  system wi th  
s m a l l  t r a n s i e n t  d i s tu rbances .  
The p l a t fo rm Derforms two b a s i c  func t ions :  
1. I t  measures ankle  r e a c t i o n  torques  and t h e  body 
l ean  anqle .  
2 .  I t  in t roduces  r o t a t i o n a l  and backwards and forward 
t r a n s l a t i o n a l  i n p u t s  t o  t h e  ankle  j o i n t s  - 
Figure  B . l  shows t h e  complete system w i t h  a s u b j e c t  i n  p o s i t i o n .  
l3.1 Measurement of P o s t u r a l  Responses 
B . 1 . 1  A n k l e  Torque Measurement 
The p l a t e  on which t h e  s u b j e c t  s t a n d s  i s  supported a t  
each of i t s  four  corners  by a minia ture  variable r e s i s t a n c e  
force t ransducer ,  (Clark E l e c t r o n i c s ,  Micro-ducer N o .  CS-5-1OOL) 
?.esistance b r idges  measure d i f f e r e n t i a l  loading between f r o n t  
and back senso r s  on each side of the force p l a t e .  D i f f e r e n t i a l  
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FIGURE B . 1  THE EXPERIMENTAL PLATFORM 
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load readinqs are amDlified and summed, forming t h e  n e t  
r e a c t i o n  torque  readinq.  F igure  B .2  shows t h e  conf igu ra t ion .  
Each f o r c e  t r ansduce r  i s  c a l i b r a t e d  s e p a r a t e l y  and 
resistance ranaes are matched f o r  each of t h e  d i f f e r e n t i a l  
f o r c e  hrid-ges.  Pass ive  resistors i n  each br idge  are set  t o  
balance t h e  br idge  a t  t h e  nominal load of 70 pounds on each 
d i f f e r e n t i a l  pa i r  (one h a l f  t h e  weight  of an average s u b j e c t ) .  
The comm3lete f o r c e  p l a t e  i s  c a l i b r a t e ?  us ing  l a r g e  weiqhts 
s i q u l a t i n g  t h e  nominal load of 1 4 0  pounds. 
Fiqure B . 3  shows t h e  s t a t i c  ou tnu t  c h a r a c t e r i s t i c s  of 
t h e  fo rce  .plate  t r ansduce r s  as a func t ion  of n e t  r e a c t i o n  
torque .  L i n e a r i t y  i s  w i t h i n  +2.5% a t  f u l l  scale.  Hys teres i s  
e r r o r s  du r ina  a given cyc le  are w i t h i n  t 5 %  ef the maximum 
amplitude of t h e  cvc le .  
The r a t e d  frequency response of each sensor  i s  above 
1 0 0 0  hz ,  f a r  b e t t e r  than  necessary t o  measure p o s t u r a l  responses .  
B. 1 . 2  Body Angle Measurement 
Bodv angle  i s  measured by t h e  s i m p l e ,  2-potentiometer 
and cab le  s y s t e m ,  shown i n  Figure B.4. Two potent iometers ,  
one on each h i p ,  remove e f f e c t s  of v e r t i c a l  axis ro ta t ions .  
S e n s i t i v i t y  of t h e  system is + 9 . 0 1  dearees .  
B.2  P la t form Motion E f f e c t o r s  
The f o r c e  p l a t e  i s  maintained on a member which i s  able 
t o  rotate  about an ax is  c o l i n e a r  t o  t h a t  of t h e  ankle  j o i n t .  
A hydrau l i c  r a m  and servo valve c o n t r o l  t h e  angle  of t h e  f o r c e  
p l a t e  m e m b e r .  
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FIGURE 8 . 5  THE TWO DEGREES OF PLATFORM MOTION 
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T h e  e n t i r e  suPportincr base r i d e s  on two r o l l e r  b e a r i n q s ,  
a l lowing forward and backward motion of t h e  platform.  T h i s  
motion i s  c o n t r o l l e d  by a second h y d r a u l i c  ram and- va lve  
svstem. The sys t em i s  shown schemat ica l ly  i n  Figure B .5 .  
T h e  r o t a t i o n a l  s e r v o  loop c o n s i s t s  of the  fo l lowing  
components : 
1. p r o p o r t i o n a l  s e rvo  va lve :  Moos Nodel M-7770 
e2700 p s i ;  e x c i t a t i o n  push-pul l .  
2 .  2-way h y d r a u l i c  ram; 1 1/4 bore ,  8" s t r o k e .  
3 .  rack and Dinion poten t iometer  p o s i t i o n  feedback. 
Flow r a t e s  w i t h i n  t h e  c o n t r o l  valve l i m i t  the performance of 
t h e  system. T h e  f o l l o v i n g  t r a n s f e r  func t ion  desc r ibes  c losed  
loop p la t form r o t a t i o f i a l  motion f o r  amplitudes below + 2 " :  
CO 
(0.005s+1)(0.045s+l) 
Frequency response i s  w e l l  above t h a t  r equ i r ed  dur ing  exper- 
iments.  The step response t i m e ,  about 50 mi l l i s econds ,  i s  
adequate t o  observe a well de f ined  r e f l e x  response.  
The l a t e r a l  F o s i t i o n  c o n t r o l  loop ope ra t e s  open loop. 
Def lec t ion  v e l o c i t y  i s  c o n t r o l l e d  by a needle  va lve  and moni- 
t o r e d  wi th  rack and p in ion  poten t iometer  p o s i t i o n  feedback. 
T o t a l  d e f l e c t i o n  i s  f i x e d  w i t h  a d j u s t a b l e  r e s t r a i n i n g  r i n g s  
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mounted on t h e  hydrau l i c  ram. An on-off r e l a y  va lve  c o n t r o l s  
a c t i v a t i o n  of t h e  l a t e r a l  d e f l e c t i o n  loop. 
Components are a4 follows : 
1. r e l a y  valve,  2-way 
2 .  double a c t i n ?  h y d r a u l i c  c y l i n d e r ,  7/8" bore ,  
4 "  s t roke ,  a d j u s t a b l e  wi th  i n s e r t s  from 1/2" t o  4 "  
3. rack ancl. p in ion  ac tua ted  poten t iometer  f o r  monitor- 
i n g  of l a t e ra l  Dos i t ion .  
Figure B. 6 shows ope ra t ion  of the hydrau l i c  motion c o n t r o l  
sys  tern.. 
Maximum d e f l e c t i o n  v e l o c i t y  i s  g r e a t e r  than 5 inches 
per second. Response ( n o t  i nc lud ing  response t i m e  de lay  of 
t h e  r e l a y  va lve )  i s  aDproximately f i rs t  o r d e r  w i t h  a response 
t i m e  of 1 0  mi l l i seconds .  
1 5 4  
APPENDIX C 
D I G I T A L  COMPUTER PROGFAMS 
C . l  The Computer F a c i l i t y  
D i g i t a l  computation i s  performed by a PDP-8 computer, 
b u i l t  by D i u i t a l  Equipment Corporat ion.  Fea tures  of t h e  
machine inc lude :  
1. S i n g l e  address  
2 .  12 -b i t  2"  complement a r i t h r ? e t i c  
3 .  Cycle l i n e  of 1 .5  microseconds - add l i n e  of 2 
microseconds 
4 .  Extended a r i t h m e t i c  element p e r m i t t i n g  m u l t i p l i c a -  
t i o n  (less t han  2 1  microseconds) and d i v i s i o n  
(less t h a n  36.5 microseconds) 
5.  4096 word memory 
6 .  Two D e c t a D e  (magnetic t a p e )  d r i v e s  which r ead /wr i t e  
from tape t o  core i n  b locks  of 1 2 8  words. 
Programs are w r i t t e n  i n  "PAL" machine languaqe develoDed fo r  
t h e  PDP-8. 
Hybrid f a c i l i t i e s  i n c l u d e :  
1. Seven analocr t o  d i g i t a l  channels  
2 .  E igh t  d i q i t a l  t o  ana log  channel  
Ooerat ion of t h e s e  conve r t e r s  i s  c o n t r o l l e d  by commands from 
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t h e  d i g i t a l  comnuter. 
3 .  Twelve c o n t r o l  l i n e s  
4 .  Twelve sense  l i n e s  
Control  l i n e s ,  enable  t h e  d i g i t a l  t o  g ive  two-level commands 
t o  t h e  analoq comnuter. S i m i l a r l y ,  sense  l i n e s  enable  t h e  
d i q i t a l  comQuter t o  read  two-level l o g i c  s i g n a l s  i n i t i a t e d  
5.7 t h e  analoq comnuter. 
5.  Proqram I n t e r r u p t  
Th i s  i n p u t  allows i n t e r r u p t i o n  of t h e  d i a i t a l  program by the  
analoq comnuter. I n t e r r u p t  i s  used i n  programs presented  
here t o  c o n t r o l  t h e  samplinq ra te  dur ing  t h e  d i q i t a l  co l l ec -  
t i o n  of data.  
C . 2  D i c r i t a l .  Oneratincr Procrrams 
Three d i q i t a l  programs are used. The f i rs t ,  T e s t ,  i s  
a gene ra l  nurpose program which ope ra t e s  t h e  experiments ,  
collects t h e  da ta ,  and stores it on d i a i t a l  t ape .  Four i e r  
is a f a s t  Four i e r  t ransform nrogram. "ode1 performs non- 
l i n e a r  func t ions  r equ i r ed  dur ing  s imula t ion  of t h e  pos tu re  
c o n t r o l  models. A d e s c r i p t i o n  of each program fol lows.  
T e s t  
T e s t  performs t h e  fol lowinq func t ions :  
1. R e a d s  i n t o  core two channels of da ta ,  b i a s i n g  each 
so t h a t  t h e  i n i t i a l  sample of each i s  zero.  
2 .  In t roduces  a d i g i t a l  t o  analog command ( f o r  i n i t i a -  
t i o n  of r o t a t i o n a l  s t e p s  or  l a t e ra l  displacements 
of t h e  p la t form)  a f t e r  a de lay  of 1 6  samples. 
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3 .  Writes data  on to  d i r j i t a l  t ape  a f te r  each t r i a l ,  
4 .  A l l o v s  s e q u e n t i a l  examination of d a t a  s t o r e d  on 
d ic r i ta l  t a n e  
Each t r i a l  reading  i s  i n i t i a t e d  by an analog command. The  
samplinq rate durincr each t r i a l  is  c o n t r o l l e d  by an analog 
clock 
Four i e r  
The f a s t  Four i e r  t ransform Drogram performs t h e  follow- 
i n g  func t ions :  
1. Reads data from d i g i t a l  t a p e  i n t o  core memory. 
2 .  Performs t h e  f a s t  Four i e r  t ransform.  
3 .  P r i n t s  frequency c o e f f i c i e n t s .  
A comnlete d e s c r i p t i o n  of the  d . i g i t a l  t ransform technique i s  
aiven by Van Houtte ( 1 0 4 ) .  _. 
C . 3  Model 
Model conver t s  s i x  analog i n p u t s  t o  d i q i t a l ,  performs 
non l inea r  ope ra t ions  on t h e s e  s i g n a l s ,  and reconver t s  t h e  
t r a n s f e r r e d  s i g n a l  back i n t o  analog form. Model s imula tes  
t h e  fol lowing non l inea r  func t ions  : 
1. Three t i m e  de lays  
2 .  Two thresholds  
3 .  One " s t i c t i o n "  model used t o  s imula t e  muscle 
resnonse c h a r a c t e r i s t i c s  t o  small d e f l e c t i o n s .  
APPENDIX D 
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F IGURE E . l  AVERAGE RESPONSES TO 1 / 4 O  STEPS EXTENDING THE 
ANKLE JOINT,  SUBJECT D. R. 
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